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ABSTRACT
The invention of the Lithium-ion battery (LIB) has been a panacea for the
development and adoption of renewable energy technologies, mobile energy
storage, and electrified transportation. While LIBs have made an electrified
future possible, questions have risen about the inherent “greenness” of the
technology. Multiple precursor materials of LIBs are detrimental to the
environment due to their production from conventional mining. This inherently
contradicts the message of renewable technologies and electrification, where
they are the substitute for polluting and climate altering fossil fuel industries.
Without the development of sustainable and environmentally friendly processes
of material extraction the “green revolution” will remove one harmful industry for
another.
A promising material, lithium aluminum layered double hydroxide chlorides
(LDH), has been found that offers a better way to extract the precursor material
lithium. To bring this material to commercial scale use and replace other
detrimental methods fundamental details about the material must be determined.
Characterization of the material was performed via X-ray diffraction, Fourier
Transform-Infrared spectroscopy, Thermogravimetric analysis, Differential
Scanning Calorimetry, and neutron scattering. Testing of the material for lithium
adsorption was performed at laboratory batch scale and column scale with
analysis performed by Inductively Coupled Plasma-Optical Emission
Spectrometry.
v

The combination of synthetic development, advanced characterization
techniques, and systematic adsorption studies has allowed for the development
of an environmentally friendly, cheap, and effective lithium ion adsorption
material.
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CHAPTER 1: INTRODUCTION

1

1.1 Research Background
Since the invention of the lithium-ion battery (LIB) more and more
applications in mobile applications, electric vehicles, and renewable energy have
been found. While development of LIBs has been able to keep pace to energize
these developments and push the green revolution forward there has been a lack
of progress in the extraction of LIB precursor materials. Harmful extractive
processes including mining and brine evaporation dominate the industry in the
quest to feed the ever-growing demand of batteries. Many precursors to battery
components including cobalt, nickel, manganese, graphite, copper, and lithium all
are collected and process with environmentally detrimental effects. While this
dissertation is not able to address all of these materials a greener method of
lithium extraction is developed and discussed.

1.2 Objective
In this dissertation the focus falls on determining important properties of
LDH that correlate with high lithium adsorption and stability. Using these findings
as a guide, metal doped LDH materials are developed and tested for their
efficacy in lithium adsorption applications.
Chapter 1 provides the motivation and objectives of the study. In Chapter
2, an overview of lithium resources and supply chains is discussed, including the
history of lithium use, current estimates on resources and production, existing
methods of extraction, and alternative lithium sources. Chapter 3 provides an
2

overview of materials and technologies developed for alternative lithium sources
including hydrogen-lithium exchange materials, lithium-aluminum layered double
hydroxides, and other methods of extraction. Chapter 4 provides an overview of
the characterization and testing methods used in the development of LDH
sorbent materials. Chapter 5 explores the first thermodynamic characterization
of LDH using a combination of thermogravimetric, differential scanning
calorimetry, and acid drop calorimetry. These results give insight into the
synthetic factors that make LDH an effective lithium-ion sorbent. Chapter 6 uses
advanced neutron characterization techniques including inelastic neutron and
quasielastic neutron scattering to determine the structural and chemical
environment of LDH. Both of which have important implications of the nature of
LDH selectivity towards lithium and the mechanism of transport through the
material. Chapter 7 uses the same characterization techniques to investigate a
metal doped variant of LDH and is effects on structure and dynamic environment
as well as lithium adsorption and selectivity performance. The final chapter
concludes the dissertation and proposes further work to bring LDH sorbent
materials into commercial use.

3

CHAPTER 2: OVERVIEW OF LITHIUM RESOURCES, AND
SUPPLY CHAIN

4

2.1 Overview of Lithium
The element lithium was first detected in 1817 by Johan August
Arfwedson while analyzing a petalite ore (LiAlSi4O10). Isolation of the element
was not successful until 1821 when William Thomas Brande separated the
element via electrolysis of lithium oxide. The development of lithium separation
via electrolysis of lithium chloride salts brought about commercial production in
1923 in Germany. Throughout the years since production began lithium has
been through many varied uses and applications. The metallic looking material
first found use as a high-temperature greases in aircraft as well as a soap and
lubricant for mining applications. With the advent of nuclear fusion weapons
lithium production skyrocketed to feed the United States’ production of tritium and
solid fusion fuel. This new use made the US the primary producer of lithium until
the mid-1980s. Another main use during this time was the use of lithium to
decrease the melting temperature of glass and to improve the melting behavior of
aluminum oxide for the Hall-Heroult process. Finally, moving into the 2000s, the
lithium-ion battery was developed. Lightweight portable electronics soon came to
dominate everyone’s lives and by 2007 li-ion battery production took the largest
share of raw materials. Multiple companies have been working the past 20 year
to meet this growing demand, opening new mines, and brine extraction locations
to power the “green” transition of the world.
As the world marches onward towards a “green revolution” built on
renewable energy sources (wind and solar power) there has been increasing
5

need for batteries. The mobility of personal devices and electrification of
transportation require this. In fact, without the connection of wind and solar for
energy, electrified cars emit the same amount of emissions as an internal
combustion engine vehicle.1 Providing the raw materials for these devices and
vehicles, in addition to offering variable electricity storage for grid resiliency
means that batteries are required. Meeting this demand requires timely and
consistent sources of lithium from the supply chain.
The U.S. Department of Energy (DOE) has identified lithium as a “nearcritical” element, meaning that sources and supplies of this material face
uncertainty in within 10 years, making it essential to US energy security.2 To
develop additional material supply chains, new technologies, and enable U.S.
companies to reestablish critical material based businesses the Critical Materials
Institute was launched by the DOE in 2013.

2.2 Existing Extraction Methods and Supply Chains
Currently, there are two existing methods of lithium production that make
up the majority of the supply. Hard-rock mining is performed on lithium rich
deposits found in a variety of mineral resources such as spodumene, different
pegmatites, and petalite.3 A breakdown of lithium reserves (currently mineable)
and resources (discovered sources) can be seen in Table 2.1 and 2.2,
respectively. Many different methods are employed to extract the lithium species
of these materials including roasting and leaching,3, 4 along with mechanical
6

separations and froth flotation.5 The majority of material mined in this fashion is
produced in Australia and China with most of the material processing occurring in
China. As lithium demand expands with the growth of energy storage and
electric vehicles more hard rock mines are expected to open in other countries
and continue to grow in Australia and China.

Table 2.1: Reserves of lithium by country.6
Country

Reserves (in
millions of tons)

Chile

8.6

Australia

2.8

Argentina

1.7

Other

1.1

China

1

United States

0.63

Canada

0.370

Brine pool evaporation produces the second highest amount of lithium in
comparison to hard-rock mining. In this process, high concentration lithium
brines are pumped up from salar brine fields into large evaporation ponds. Over
the course of 12 – 18 months impurities, such as Na+, K+, and Ca2+, are removed
from the solution via concentrated and then precipitation. The final step
producing lithium carbonate for battery use and others. These operations mainly
7

occur in South America, within the “lithium triangle” of Chile, Argentina, and
Bolivia. With Chile producing the most lithium raw materials of the three in the
area.7 Additional brine lakes are also found in China and have seen expanded
production as China has been diversifying its lithium sources. Importantly,
Bolivia purportedly contains more than half of the worlds lithium reserves
(exploration is ongoing but is estimated to be almost 140 million tons) but does
not have large scale production due to nationalization of the industry in the
country.
Table 2.2: Resources of lithium by country.6
Country

Resources (in
millions of tons)

Bolivia

21

Argentina

17

Chile

9

United States

6.8

Australia

6.3

China

4.5

Congo

3

One final method that is seeing burgeoning use is lithium-ion battery
recycling. While this constitutes less than 1% of lithium materials it is beginning
to show promise as technologies develop and material prices begin to rise. 8
Currently, the costliest metals are recovered from the battery, including cobalt,
manganese and nickel.7, 8 It is possible to recover lithium species from the
8

battery in high purity, but this is not always cost effective depending on the spot
price of lithium. Since lithium makes up 5-7% of the battery,9 recycling will
become more viable as virgin lithium becomes more expensive to produce,
recycling methods will continue to develop to fill in these gaps in supply.
The current outlook for the United States’ domestic supply is currently less
than 1-2%. Closure of the Kings’ Mountain and Bessemer City hard rock
spodumene mines in North Carolina removed the majority of the U.S. domestic
supply capabilities. This was due to the establishment of low-cost brine
evaporation in Argentina and Chile.10 As lithium prices continue to grow the
possibility of reopening the mines may become possible.
The distribution of lithium resources by type and country can be seen in
Table 2.3 and 2.4, respectively. Around half of lithium production comes from
hard rock mining,7 this is due to the speed that concentrates can be mined,
treated, and converted to their battery grade lithium compounds, lithium
carbonate (Li2CO3) and lithium hydroxide (LiOH). While consistent and timely
methods to treat and extract lithium compounds from the mineral concentrates
require large amounts of energy and a variety of toxic and dangerous chemicals.
Mineral roasters often run from 700-1000 °C,4, 11 there are large amounts of
gangue and slag waste, and there are uses of many concentrated forms of
strong acids, hydrochloric, sulfuric, and hydrofluoric acids among them,4 which
are detrimental to the environment if not disposed of properly. The other half of
lithium materials are produced from brine evaporation processes. This method
9

does not require the energy intensive roasting and detrimental chemical
treatments of hard-rock processing. However, the time delay of evaporation, 12
– 18 months, makes the supply chain unpredictable which is one major
drawback. Additionally, the ability to produce cheap lithium from this method is
dependent on the need to just pump brines, evaporate water, and add a few salts
for precipitation purposes. There are a variety of issues that have come up in
South American lithium companies that bring into question the validity of this
lithium source as “green” and fair to the inhabitants of the region. This included
the intensification of droughts in the different Salars (Altacama, Uyuni, etc.)
areas,12, 13 displacement of native peoples,13-15 and minimal efforts from the
mining companies themselves to enrich communities they operate in.13-15

Table 2.3: Distribution of resources of lithium (circa 2017).7
Source

Percentage

Continental Brines

59%

Hard Rock (Pegmatite,

25%

Spodumene)
Hectorite

7%

Geothermal Brines

3%

Oilfield Brines

3%

Jaderite

3%
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Table 2.4: Percentage of lithium production by country (circa 2017).7
Country

Percentage of
Production

Australia

40.3%

Chile

35.19%

Argentina

11.43%

China

6.62%

Zimbabwe

2.71%

United States

2.38%

2.3 Alternative Sources
There are some other sources of lithium that have not been exploited as
heavily as hard-rock mining and brine evaporation. Geothermal brines,
sedimentary clays, sea water, and oil field brines all contain appreciable
concentrations of lithium that make them economically viable for extraction.
Geothermal brines in particular are promising for U.S. domestic supplies of
lithium. Sedimentary clays while viable still require the high temperature roasting
and detrimental chemical treatments that conventional hard-rock mining
performs. Sea water does contain an enormous supply of lithium but is
extremely dilute, around 0.5 ppm, and is not currently economically viable,
although there are electrochemical methods in development that may change
this.16

11

In this dissertation the focus will be on the development of sorbent
materials for lithium extraction from geothermal brines, specifically in the Salton
Sea of southern California. In a recent survey multiple brine fields in the U.S.
have been identified as economically viable based on high lithium
concentrations.17 This can be seen visually in Figure 2.1.

Figure 2.1: Brine resources in the U.S. by concentration of lithium.

These resources are promising for a variety of reasons. First, is that
existing geothermal power infrastructure already exists in many of these
locations. This makes the capital costs of installing a lithium uptake system
much reduced compared to developing an entire plant. Next, there is a huge
decrease in water use, in comparison to Salar brine evaporation, and no need for
12

high temperature roasting and harsh chemicals, as with hard rock mining.
Finally, the wait times for battery grade lithium species is far reduced compared
to the evaporation times of the Salars and the extended shipping time of material
from Australia and China. All these factors make this source of lithium highly
important for development to establish a timely, cost-effective, domestic supply of
battery grade material. Ensuring the U.S.’s ability to produce its own materials
and green technologies.

13

CHAPTER 3: SORBENTS AND OTHER MATERIALS FOR
LITHIUM EXTRACTION

14

3.1 Hydrogen-Lithium Ion Exchange Materials
The first class of sorbent materials of interest for lithium extraction are
spinel manganese oxide, LiMn2O4 (MnO) and lithium titanium oxide, Li2TiO3 (LTO), systems. Both have been studied extensively for applications to lithium
ion extraction and have their own benefits and drawbacks compared to other
systems. Both operate via an identical mechanism, that being a lithium-hydrogen
exchange pathway. Here positively charged lithium exchanges with positively
charge hydrogen ions, due to higher binding affinity while present in geothermal
brines. For manganese oxide the ions trade places and occupy octahedral
interstices within the spinel structure.18 This process is facile and removal of
lithium ions from the sorbent structure simply requires contact with acid to reexchange hydrogen ions into the spinel structure. Unlike LTO the molar ratio of
Li:Mn can vary, leading to multiple manganese oxide species that differ in
composition, synthetic conditions, morphology, and adsorption performance. A
few examples of MnO based sorbents and their adsorption capacities can be
seen in Table 3.1
A variety of morphologies and solution parameters are represented in
Table 3.1 including sorbent polymer composites,19, 20 nano-sized materials in a
variety of shapes from nanowires21 and nanorods22 as well as larger
nanoparticles around 200 nm.23 This range makes MnO sorbents adaptable to
different solutions including brines as well as dilute sources like seawater. There
are two main drawbacks to using this class of sorbent material. For one the use
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of strong acid for removal of adsorbed lithium is not ideal, as this adds costs and
is environmentally detrimental. Another factor is the degradation of the sorbent
itself. Manganese exists in the sorbent in oxidation state (III) and (IV), there is an
energetically favorable pathway where the sorbent degrades and begins to leach
Mn(II). In this case the sorbent is lost over prolonged use, and re-synthesizing or
re-calcining the material is the only way to regain full lithium adsorption capacity.

Table 3.1: Lithium manganese oxide sorbents of differing composition and adsorption
performance.

Composition (before
Li+/H+ exchange)
H1.33Mn1.67O4
H1.6Mn1.6O4
(post acid treatment)
Li1.33Mn1.67O4
LiMn2O4
Li1.6Mn1.6O4
Li1.6Mn1.6O4
Li1.16Sb0.29Mn1.54O4

Capacity
Range
(mg/g)
27 - 30

References

23.5 - 54.7
16.8 - 23.9
1.5 - 40
26.9 - 42.1

19, 20

24

21, 22
25, 26
22, 23

LTO is the other well studies solid sorbent in lithium extraction
applications. Once again, the mechanism for lithium removal is exchange with
hydrogen ions in vacant octahedral sites of the TiO2 metal layer. This material
has garnered interest as an alternative to MnO sorbents due to its stability in
acids as well as its environmental friendliness. Importantly the sorbent also has
a much higher adsorption capacity, around 142.9 mg/g theoretically27 and 94.5
mg/g in experiments.28 This 75% maximum tested capacity of LTO reflects the
actual limit of adsorption for the sorbent as 25% of the hydrogen sites present
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are not accessible for exchange.29

As with MnO sorbents there are a variety of

synthetic, morphological, and testing solutions for LTO sorbent, a few of which
can be seen in Table 3.2. As with MnO based sorbents there is still a
requirement for acid treatment to unload lithium from the structure leading to
increase cost and environmental harm. LTO based sorbent also require around
24 hours to fully saturate in their respective solutions, this timing is not ideal for
scale applications that operate on the order of hours for extraction processes.
Testing of these sorbents is also still at the laboratory scale and has not been as
robustly investigated as MnO based sorbents and layered double hydroxides, to
be discussed in 3.2. Finally, the adsorption values for this sorbent seen in Table
3.2 may not be reflective of its performance in real world applications. Higher
values of adsorption, i.e. 94.5 and 57.8 mg/g, are achieved in high concentration
purely lithium solutions. In actual media the presence of competing ions, lower
concentrations of lithium ions, and temperature differences all affect the
adsorption capacity of the sorbent. A more reflective value of LTO performance
would be from the samples tested in Salar brines and seawater, 32.6 and 30.3
mg/g respectively, which puts them right in the range of maximum MnO sorbent
capacities.
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Table 3.2: Lithium titanate adsorption performance and testing conditions.

Morphology
Plate like particles
(100 - 200 nm)
20-70 nm particle size
LTO mixed with
poly(vinyl alcohol)
(PVA) and porous
composite foam
Plate like particle
(100 – 300 nm)
60-80 nm

Testing Conditions
(Li+ conc.)
Li enrich Salt Lake
brine from Salar de
Uyuni, Bolivia (1.63 g/L)
LiOH solution
(2 g/L)
Seawater

Capacity
(mg/g)
32.6

Reference

57.8

31

30.3

32

LiOH + LiCl solution

94.5

28

LiOH solution
(4 g/L)

27.4

33
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3.2 Lithium-Aluminum Layered Double Hydroxide Chlorides
(LDH)
Layered double hydroxides, also known as “anionic clays” are a wellstudied diverse class of materials. Natural and synthetic forms of LDHs have
been known for more than 160 years.34 The general structure of LDH is the
presence of an infinite 2D layer of metal hydroxides, with a corresponding
interlayer as separation containing charge balancing anions and water
molecules. There exists a plethora of different metal hydroxide compositions that
can be synthesized for LDHs. Any variety of metal cations across the periodic
table can be combined to form these structures in the standard M(II)/M(III) LDH
composition. Other metal cation combinations including M(II)/M(IV) and
M(I)/M(III) LDHs are also possible, the full array of compositions that are possible
can be seen in Figure 3.1. Importantly, the only known example of M(I)/M(III)
LDHs is Li/Al LDH, which will be extensively discussed in subsequent chapters.
Naturally, the interchangeability of metal ions into the 2D hydroxide layer
has led to a huge array of LDHs, tailored to specific applications based on choice
of metal compositions. This presence of hydroxyl groups on the 2D layers of
LDH offers a huge number of basic reaction sites, making them very effective in
heterogeneous base catalysts. In addition to the metal hydroxide layer many
different compounds and other transition metals can be incorporated into LDH
through host-guest interactions via the interlayer space between metal layers.
The variation of every component of the LDH structure has led to effective
applications in electrocatalysis, photocatalysis, and photoelectrocatalysis.35, 36
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Variability of this host-guest interaction can also be implemented to use LDH
systems in photofunctional,37-40 biological,41, 42 electrochemical,43-46 and other
multifunctional applications.47-50

Figure 3.1: Different possible compositions of LDH materials following the general formula [Mz+1-x
M3+x(OH)2]x+(Xn-x/n)· mH2O. Where Mz+ can be replaced with mono, di, tri, and tetravalent
elements, and X can be a variety of anions or guest species.51
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3.3 Other Methods of Lithium Ion Extraction
Solid sorbents are one thrust of research in lithium extraction among
many. Owing to the importance of the future lithium supply there is a rich
development of other methods. These include newer more selective precipitation
processes,52 solvent extraction,53 membranes,54 centrifuges,55 and other
techniques.56-58 Development in these areas is also important in the larger scope
of lithium hydroxide and carbonate processing but differs from the development
of solid sorbents. The previously discussed LDH sorbents offer effective lithium
adsorption and selectivity without the excessive use of materials, infrastructure,
and liquid processing issues. The material use issue applies to precipitation
methods and solvent extraction methods in particular. Use of liquids to adjust pH
or solid powders to crash out unwanted metal species as well as the use of
harmful organic solvents for solvent extraction all add cost and environmental
difficulties. Methods involving centrifuges, ion-pumps and other systems bring up
the issue of additional infrastructure. While effective the addition of capital costs
is not always worthwhile depending on the concentration of lithium in the source
as well as global costs. Finally, membranes offer liquid tolerance issues. So
long as the source water of lithium is relatively particulate free there should not
be much issues but many sources of lithium from brines to clays have an
abundance of salt, silt, and other solid species. Membrane clogging becomes a
very real issue in the case of unfiltered liquids. Each of these methods can play
an important role in a multi-step purification of lithium, where more robust solid
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sorbents like LDH adsorb lithium from the direct source stream, with subsequent
steps performed by membrane and solvent extraction.
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CHAPTER 4: EXPERIMENTAL AND CHARACTERIZATION
TECHNIQUES
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4.1 Material Property Characterizations
4.1.1 X-ray Powder Diffraction
X-Rays were discovered in 1895 by German physicist Wilhelm Röntgen.
Initially the new electromagnetic phenomena were investigated for use in imaging
and medical applications. The introduction of x-rays to chemistry and materials
science began with the work of Max von Laue, who detected the first diffraction
of X-rays through a copper sulfate crystal lattice. These results were taken by
Laue and formed into a law to correlate x-ray scattering angles and the
subsequent unit-cell spacings for crystals. Further work by William Henry Bragg
and William Lawrence Brag led to the establishment of Bragg’s law, seen in
Figure 4.1, which connects x-ray reflections with differently spaced planes of the
crystal sample. This characterization technique allows for the determination of
crystallinity, phase, and structure of our materials from differing synthesis and
testing conditions. For iron doped variants of the material as well as LDHs with
different interlayer anions, XRD allows for observation of interlayer distance
changes of the material.
4.1.2 Fourier-transform Infrared Spectroscopy
Fourier-transform Infrared Spectroscopy (FT-IR) is a technique that can
identify the functional groups of materials via infrared radiation. The technique
can be used for any variety of phases of materials (gas, liquid, solid) with
different sample environments. FT-IR instruments are also able to rapidly collect
data allowing for quick identification and comparisons of samples. The region of
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detection for these instruments is in the infrared region (IR), generally in the midIR range 4000-400 cm-1, of the electromagnetic spectrum. Identification of
functional groups is dependent on whether the bonds in the studied materials or
compounds are IR active. This requires interaction with the produces infrared
beam in an asymmetric manner, meaning a net dipole moment is required.
When symmetric molecules oscillate no net dipole moment is produced that the
machine can detect, such as H2. Different bonds within a compound are able to
be identified by their characteristic vibrational frequency. This is used to detect
functional group present in moieties of organic compounds, such as C-C, C-H, CO, and O-H bonds. Instruments measures the amount of absorbed IR radiation
as a measure of intensity.

Figure 4.1: Visual representation of the interaction that Bragg’s law describes. The reflection of
incoming radiation and determination of interlayer space using the equation: 2dsinƟ = nλ.59
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In the context of the study the instrument is useful for determine metaloxygen bonding environment which provides insight into the structural character
of the repeating metal oxide layer present in layered metal hydroxides. FT-IR
also allows the identification of different interlayer anions due to their interaction
with surface hydroxides on the surface of the metal layer which produces specific
vibrational signatures. While other work has simply used FT-IR to characterize
layered hydroxide samples this study utilized the technique to determine specific
structural characteristics that led to improved lithium ion uptake and selectivity.
This study is unique in its directed application of specific structural characteristics
to performance in adsorption applications.

4.1.3 Thermogravimetric Analysis/Differential Scanning Calorimetry
Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry
(DSC) are two techniques that are generally used in tandem to determine
important physical information about materials. TGA is the use of temperature
over time to measures changes in mass of the studied sample. This allows for
the measurement of a variety of processes that can occur to samples including
desorption of water, phase transitions, thermal decompositions, as well as
chemical reactions. DSC determines the amount of heat required to increase the
temperature of a material. This is done by comparison to a reference throughout
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the linear increase in temperature of the experiment. The technique is used to
identify the exothermic or endothermic behavior of phase transitions in materials.
Different processes such as melting, crystallization, glass transitions, and water
loss. By combining TGA and DSC a variety of insights into materials can be
gained. Since both techniques involve linearly increasing temperature, they can
be compared to determine specific physical and chemical processes occurring in
the material. In the scope of this research water loss is one of the most
important, TGA allows for an accurate calculation of mass of water lost from the
sample. This enables the use of acid solution calorimetry which is discussed in
the next section. Additionally, it allows for the identification of desired chemical
reactions whether that be for more or less water presence in the sample. This
has a direct effect on the adsorption abilities of LDH for li-ion extraction.
Thermodynamic events measured by DSC also allow for the identification of
important structures present in LDH, mainly those of the metal hydroxide layer.
Shifts in degradation temperatures play a critical role in determining more robust
and possibly more effective sorbents.
4.1.4 Acid Solution Calorimetry Measurements
Acid Solution Calorimetry is a technique developed by Dr. Alexandra
Navrotsky and other colleagues. The method utilizes the distinct heats of
formation of materials to provide an accurate calculation of the enthalpy of
formation of materials. This is done by taking materials and dropping them into
an acid solution and precisely measuring the energy of dissolution into the
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solution. By recreating a compound from its precursor materials and including
the effects of water from TGA/DSC analysis the overall heat of formation, Δf, is
determined. The more negative the value of Δf the more stable the material is.
Later chapters will explore the importance of these stabilities for LDH based li-ion
sorbents in detail.
4.1.5 Inelastic Neutron Scattering and Quasielastic Neutron Scattering
Inelastic Neutron Scattering (INS) and Quasielastic Neutron Scattering
(QENS) are two specialized methods of materials characterization owing to the
limited amount of facilities and availability of beam lines. Access to Oak Ridge
National Lab (ORNL) and funded user proposals has allowed the enhancement
of this work with the powerful capabilities of neutron studies. Both techniques
are highly suited to the study of LDH based sorbent materials due to the large
cross section overlap of hydrogen atoms and neutrons. The water present in the
interlayer and bulk as well as the hydroxides of the metal hydroxide layer all
present opportunities to explore the structure and dynamics of LDHs. INS is able
to resolve the change in kinetic energy between collided neutron and the sample.
As a result, INS results can be viewed in a similar manner to conventional
spectroscopic techniques, where intensity and energy are plotted. Simulation
using INS spectra allows for accurate recreation of particular hydrogen motion,
whether that be in water molecules, bonded hydroxides, or interaction between
the two. QENS adds another layer of insight by elucidating the dynamic activity
of the material. Here this is specifically the motion of water, observed through
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hydrogen, through the interlayer of the material. By combining both methods a
structural snapshot as well as dynamic picture of LDH is possible giving novel
and powerful insight into lithium-ion sorbents.

4.2 Lithium Adsorption Testing
4.2.1 Simulated Brine
Simulated brine formulations were made based on the actual composition
of geothermal brines present in the Salton Sea, CA, seen in Table 4.1 at a
Simbol test plant. All testing from batch scale to column scale were performed
using these concentrations, so the formulated sorbent would best meet the
operational demands at the Salton Sea test plant. In some testing cases the
concentration of lithium in solution was altered to determine sorbent
performance.

Table 4.1: Brine Composition of the Salton Sea.60
Element
Na
K
Ca
Li
Mn
Zn
Cs
Rb
Cl

mg/kg
53,000
20,000
33,000
250
1,500
500
20
100
180,000

4.2.2 Batch Scale
Bench scale testing was performed by first unloading the LDH samples to
make them deficient in lithium for adsorption. This process, visualized in Figure
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4.2, was done by adding 250 mg of sorbent to 5 mL of DI water followed by
heating and stirring for 1 hour at 95°C. Once 40% of intercalated lithium had
been removed, the sample was filtered and washed. Then adsorption testing
was performed to determine an isotherm of loading capacity at a variety of lithium
concentrations as well as lithium selectivity in simulated brine.

Figure 4.2: Unloading preparation and brine trail testing for LDH sorbents.

4.2.3 Column Scale
A breakdown of the column scale apparatus is from previous work60 and
shown in Figure 4.3. The column is run by packing of unloaded LDH sorbent
followed by three different solution flows. The first, initial brine, flows the
simulated Salton Sea brine, the lithium present in solution is adsorbed by the
lithium deficient sorbent in this step. Second, the column is washed, here the
washing allows the removal of any unwanted ions trapped in the sorbent (i.e. Na,
K, Ca, etc.). Finally, the stripping solution contains a low concentration of pure
LiCl that allows for the desorption of LiCl from the LDH sorbent into the stripping
stream. The system is controlled automatically by computer and the liquids are
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kept at 95°C to better simulate full scale conditions. ICP-OES analysis is then
performed to see the changes in concentrations of the different ions present
during adsorption, washing, and stripping. From this ppm concentration data
separation factors (SF) are calculated to determine the selectivity of other ions
towards lithium based on the performance of the sorbent. Separation factor
calculations were performed based on the following equation:

Figure 4.3: Schematic of column scale extraction setup.

[𝐿𝑖]𝑠𝑡𝑟𝑖𝑝
⁄[𝐿𝑖]𝑏𝑟𝑖𝑛𝑒)
𝑆𝐹𝐿𝑖 =
[𝑀]𝑠𝑡𝑟𝑖𝑝
𝑀
⁄[𝑀]𝑏𝑟𝑖𝑛𝑒)
(
(

4.2.4 Inductively Coupled Plasma-Optical Emission Spectroscopy
This detection method enables all brine adsorption trial analysis to be
completed accurately and quickly. ICP-OES is a powerful detection method that
utilizes plasma to determine the concentrations of metals in solution. The
solutions that are analyzed are passed through a high salt concentration
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nebulizer, see Figure 4.4(a), and sprayed into tiny droplets with an inert carrier
gas. Now in Figure 4.4(b) the detection area can be seen. Droplets travel to this
area and interact with electromagnetically generated plasma from argon to their
elemental forms. Now heated to around 8000K the atomic emission spectra of
the element is now fed through a series of mirrors, and photomultipliers through a
slit of a wavelength selection device. The elemental lines of the ions present in
solution are detected with a photomultiplier.61 The unique characteristic of each
elemental line allows for multielement determinations of solutions. This analytical
device is indispensable as it allows for analysis of multicomponent brine solutions
as well as the low detection limits to find small concentrations of lithium in high
concentration brines.

Figure 4.4: High salt solution nebulizer and (b) sample input, vaporization, energization, and
detection area into the plasma source. Used from Hou et al.61
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CHAPTER 5: THERMODYNAMIC EFFECTS OF LITHIUM
CHLORIDE AND WATER CONTENT ON LDH
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Abstract
The application of layered double hydroxide chloride sorbents for selective
extraction of lithium from geothermal brines is known, but thermodynamic
considerations of the material explain the LDH adsorption system and open
avenues for development of new materials.
The thermodynamic studies are reported based on the following journal
articles published in The Journal of the American Ceramic Society (2019) and
The Journal of Physical Chemistry C (2019):
L. Wu, L. Li, S.F. Evans, T.A. Eskander, B.A. Moyer, Z. Hu, P.J. Antonick,
S. Harrison, M.P. Paranthaman, R. Riman, A. Navrotsky, Lithium aluminumlayered double hydroxide chlorides (LDH): Formation enthalpies and energetics
for lithium ion capture, Journal of the American Ceramic Society, 102 (2019)
2398–2404.
L. Wu,* S. F. Evans,* Y. Cheng, A. Navrotsky, B. A. Moyer; S. Harrison, M.
P. Paranthaman, Neutron Spectroscopic and Thermochemical Characterization
of Lithium–Aluminum-Layered Double Hydroxide Chloride: Implications for
Lithium Recovery. The Journal of Physical Chemistry C 2019, 123 (34), 2072320729.
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5.1 Introduction
Lithium is becoming a near critical element in the energy industry, which
reflects the fast-growing demand for lithium-ion batteries.62 To meet the needs of
the market, one must seek new economically viable sources of lithium. Extracting
Li from brine, salt lakes, or sea water is a possible alternative to mining and
processing lithium mineral ores. Though such waters are a large reservoir of
lithium, its concentration is low compared to that of sodium and other ions.
Technical innovation for selective lithium ion extraction is mainly focused on
sorbents, ion exchangers, and other alternative extraction processes. Several
materials such as H2TiO3 and LiMn2O4 have been proposed to be sorbents for Liion capture.20 However, their costs associated with lithium loading and unloading
steps and environmental concerns pose challenges to industrial scale
applications.
Layered double hydroxide chloride (LDH) materials have become a
candidate for Li-ion capture due to the two-dimensional structure, unique
exchange capacity, low cost and low toxicity.20, 63-65 These LDH type materials
have been developed as photocatalysts for water splitting, CO2 reduction and
pollutant degradation.66-71 Li-LDH with composition LixAl2(OH)6Clx.nH2O is a
hydrotalcite-like compound which has a layered structure with Al(OH)3 octahedra
composing the layers (as shown in Figure 5.1). The crystal structure consists of
two repeating layers, one layer consists of aluminum hydroxides and intercalated
Li+ ions, while the other layer consists of water molecules and charge balancing
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Cl- ions. The nominal composition is therefore Lix·Al2(OH)6Clx·nH2O, where the
variable x represents the Li and Cl stoichiometry and n represents the moles of
interlayer water.

Figure 5.1: Crystal structure of Li Al2(OH)6Cl (Ref. ICDD Coll. Code: 83509). Li, Al, Cl, O, and H
represented as purple, grey, green, red, and white respectively. Water molecules are not shown
in this structure.

Li-ions fill the vacant octahedral sites and Cl- ions are located between the
layers. Typically, the Li and Cl ratios are close to 1:1 to retain charge balance
within the LDH structure. The relatively weak interlayer interaction results in
flexible interlayer distances,72 which indicates a moderate kinetic barrier for ion
intercalation. The Li-LDH can be obtained directly from the reaction of Al(OH)3
polymorphs with LiOH in mild temperature and pressure conditions.72 This
synthesis method suggests a new route to extract Li ions from aqueous solution.
A recent adsorption experiment using Li-LDH has found that 91 % of the lithium
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was recovered from a geothermal brine solution with high selectivity over Na and
K ions.60 This selectivity arises because larger alkali ions present cannot be
accommodated in the octahedral sites of the LDH structure. The economic
viability of the sorbent is improved through its reversibility. The extraction
processes for loading with Li, washing away excess ions, and Li elution all
improve cost, do not require any acid consumption, and produce no secondary
waste.73
However, the Li-LDH phase is retained only in a limited range of lithium
chloride concentrations. It was observed that if LiCl is less than 125 mg/L in the
stripping solution, the LDH phase decomposes to the Al(OH)3 phase.60 In
addition, when the LiCl concentration is more than 360 mg/L, the LDH becomes
saturated and no further adsorption occurs.60 In addition to defining the capacity
for Li ions, the stability of the LDH phases controls the cycling life and lithium
recovery efficiency.73 The presence of water in the Li-LDH structure may also
play an important role in lithium uptake from the geothermal brine.
To elucidate the energetics of Li capture, enthalpies of LDH with different
Li content have been measured by acid solution calorimetry. The formation
enthalpies generally become less exothermic as the Li content increases, which
indicates that Li intercalation destabilizes the structure, and the enthalpies seem
to approach a limit after the Li content x = Li/(Li+Al) exceeds 1. Additionally, in a
later study, to determine the role of water in LDH extraction of lithium LDH
samples were synthesized from two different starting materials (alumina (Al2O3)
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and gibbsite (Al(OH)3) and with two post-drying conditions (ambient-dried and
oven-dried) and were also studied via acid solution calorimetry. The results
reveal differences in stability of the LDH structure in relation to water, which
could explain the different extraction capabilities of these materials. These
findings on the properties of LDH have implications on their lithium extraction
abilities and subsequent recovery. The goal of this study is to find out whether,
based on thermodynamic considerations, there are optimum LDH compositions
and water content for Li-ion capture.
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5.2 Sample Preparation
Five Li-LDH samples with varying Li/Al ratios have been used for the first
study on LiCl content60 and four samples were prepared for the subsequent
studies on starting material and water content.74 The first five Li-LDH samples
prepared by mixing γ-Al(OH)3 (gibbsite) (Alfa Aesar > 76.5 %) and LiOH
(Honeywell Fluka > 98.5 %) at 95 °C for 2 h. Following this, the LDH structure
was fully saturated with lithium by mixing with 40 % LiCl (Sigma-Aldrich > 99%) in
an acetic acid (Sigma-Aldrich > 99.7 %) and DI water mixture in a ratio of 6:4 mL,
respectively. Loading of the structure with LiCl was completed when the pH of
the solution reached 5.5. Acetic acid was used as the buffer solution to maintain
the pH close to 5. To obtain the variety of LiCl values (x = 1.36 - 0.74 for LDH)
unloading was performed at 95 °C at various times. The next eight samples
were prepared using the same synthetic conditions with some variation in starting
material and post-synthesis treatment. Half of the samples were prepared with a
γ-Al2O3 (γ-alumina) (BASF, Florham Park, NJ >94%) starting material as
opposed to Al(OH)3. The Al(OH)3 and Al2O3 derived samples then underwent
two post-synthesis treatments. The two conditions were ambient drying (A) and
oven drying (O). Ambient drying was performed at 25 °C in air, and oven drying
was done at 95 °C. Both drying treatments were performed for 24 h. The LDH
samples are labeled as LDH-Al2O3-A, LDH-Al2O3-O, LDH-Al(OH)3-A, LDHAl(OH)3-O, respectively.
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Samples have been characterized by X-ray powder diffraction (XRD)
using a PANalytical Empyrean with Cu Kα radiation, all data was processed with
HighScore Plus. Inductively coupled plasma – optical emission spectroscopy
(ICP-OES) compositional analysis was performed to determine the Li and Al
concentrations in all the samples with a Thermo Fischer iCAP Model 7400 ICPOES Duo. Results of all the sample compositions are shown in Table 5.1.
Differential scanning calorimetry and thermogravimetry (DSC-TG) analysis was
performed on a Netzsch 449 instrument to determine the water content. Samples
were heated from 25 to 800 °C at 10 °C/min in argon (see Table 5.1). To
investigate the thermal behavior of LDH samples at higher temperatures, two
LDH samples were analyzed using a Setaram Labsys instrument and heated to
1400 °C at 10 °C /min in argon. ATR FT-IR was data was gathered using a
BRUKER VERTEX 70. FTIR spectra were recorded using a Bruker Alpha-P IR
spectrometer with correction from an initial background collected before sampling
to subtract the contribution from the ambient environment. After background
collection, the solid sample (5-10 mg) was put on the diamond sensor. The
spectra were collected at 100 − 4000 cm-1 with resolution of 4 cm-1 and scan time
of 32 scans.
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Acid solution calorimetry (CSC calorimeter model 4400) was applied to all
LDH samples and component compounds (LiCl and gibbsite (γ-Al(OH)3)). A
typical procedure included weighing about 10 mg of sample powder, pressing the
powder into a pellet and dropping it into 25 mL HCl solution (standard solution
from Alfa Aldrich, 5N) in the calorimeter at 25 °C. The heat of solution was
measured. The calorimeter was calibrated by the heat of dropping a KCl (NIST
Standard) pellet in the same conditions. Several pellets of each composition
were dropped (Table 5.1) and the errors are reported as two standard deviations
of the mean. The procedure has been described in detail elsewhere.75, 76

Table 5.1: Sample composition, TG weight loss at 700°C, enthalpy of solution (ΔH sol) in 5N HCl
and the formation enthalpies of LDH (ΔHf) by LiCl reacted with gibbsite and goethite.

x(LiCl)

Sample name

Molecular formula

TG
weight
loss
(%)

1.36

LDH1

Li1.36Al2(OH)6Cl1.36.3.26H2O

43.92

-227.93±1.01(6)

-21.68±2.13

0.97

LDH2

Li0.97Al2(OH)6Cl0.97.3.19H2O

41.42

-209.13±1.23(7)

-27.04±2.00

0.90

LDH3

Li0.90Al2(OH)6Cl0.90.2.10H2O

39.61

-205.74±1.14(6)

-28.01±1.22

0.76

LDH4

Li0.76Al2(OH)6Cl0.76.1.89H2O

41.58

-36.82±2.19

0.74

LDH5

Li0.74Al2(OH)6Cl0.74.1.166H2O

35.48

-192.11±2.45(6)
188.31±0.761(6)

Gibbsite
Lithium
chloride

γ-Al(OH)3

-101.37±0.46(4)

LiCl

-34.46±1.90(6)
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ΔHsol(kJ/mol)

ΔHf(kJ/mol)

-39.93±1.76

5.3 Characterization of LDH
Gibbsite based LDH has a variety of possible crystal structures, including
hexagonal, rhombohedral, and monoclinic polymorphs. Here we confirm a
monoclinic phase of LDH in Figure 5.2 based on previously reported data.77
Detailed microstructure of LDH samples has been reported previously.60 Further
analysis by ICP-OES determined the sample compositions as reported in Table
5.1.

Figure 5.2: XRD spectra of typical Li-LDH and Fe-LDH phases.

According to the TG curves in Figure 5.3, all Li-LDH samples have major
weight loss between 100 and 400 °C, accompanied by endothermic peaks on the
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corresponding DSC curves in the same temperature range, which result from the
typical dehydration process of LDH materials.

Figure 5.3: DSC-TG curves for Li contained LDH with formula LixAl2(OH)6Clx∙nH2O.
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The DSC curves suggest stepwise dehydration behavior. The initial step
(100 – 150 °C) corresponds to the removal of physically attached water
molecules, the second step (200 – 250 °C) results from the removal of the
chemically bonded water located between the layers, and the final weight loss
(250 – 350 °C) comes from the dehydration of the hydroxyl groups coordinated
to Al and Li atoms (co-intercalated water molecules). The dehydration process is
accompanied by structure distortion. Similar observations are reported previously
with LDH samples.78 The LDH with x = 0.74 was scanned to 1400 °C and exhibit
additional weight loss (about 5 %) at 900 – 1000 °C associated with small
endothermic peaks, which may be ascribed to Li2O evaporation.79 There is
another exothermic peak around 1300 °C without weight change which could be
due to the recrystallization of a more stable phase assemblage. This was not
investigated further.

Table 5.2: Thermodynamic cycle used to calculate the reaction enthalpies of LDH from lithium
chloride and Aluminum hydroxide at 25°C.

Reactions used in the thermodynamic cycle are:
(1) xLiCl (s, 25°C) + 2Al(OH)3(s, 25°C) + nH2O(l, 25°C) → LixAl2(OH)6Clx.
nH2O(s, 25°C)
(2) LiCl (s, 25°C) → Li (aq, 25°C) +Cl (aq, 25°C)
+

-

(3) Al(OH)3(s, 25°C) + 3H+(aq, 25°C)→ Al3+ (aq, 25°C) + 3H2O (aq, 25°C)
(4) LixAl2(OH)6Clx. zH2O(s, 25°C) + 3H+(aq, 25°C)→ x Li+(aq, 25°C) +xCl-(aq,
25°C) + 2Al3+(aq, 25°C) + (3+n)H2O(aq, 25°C)
(5) H2O (l, 25°C) → H2O (aq, 25°C)

ΔHf, LDH

ΔH1

ΔHsol, LiCl
ΔHsol,

ΔH2

Al(OH)3

ΔH3

ΔHsol, LDH

ΔH4

ΔHdil

ΔH5

ΔHf, LDH =ΔH1= xΔH2 + 2ΔH3 + nΔH5 - ΔH4
ΔH5 is the dilution enthalpy of liquid water in 5 N HCl solution, since the effect is small, it has
been neglected in this calculation.
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The trends of the formation enthalpies with LiCl contents are shown in
Figure 5.4. With increasing Li content, the formation enthalpies of LDH from solid
lithium chloride and aluminum hydroxide and liquid water generally become less
exothermic, with the change becoming less marked as x increases. Thus, the
intercalation of LiCl appears to destabilize the LDH phases. The destabilizing
effect may be explained by an increase in repulsion induced by the rising positive
charge in the framework. This Li saturation proves useful for extraction, as
saturation and destabilization of the LDH structure allow for loading, unloading,
and sorbent reuse, thus increasing economic viability.

Figure 5.4: Enthalpy of formation for LDHs vs. moles LiCl (x).

As described in the previous section, the compositions of the four Li-Al
LDH samples were determined by ICP-OES and DSC-TG, and the formation
enthalpy was determined by acid solution calorimetry. These results are listed in
Table 5.3. Figure 5.5 presents the XRD patterns of all four LDH samples. They
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are consistent with expected pattern for LDH, except that the LDH-Al(OH)3-O
sample contains a small fraction of Al(OH)3, due to decomposition during oven
drying. The Al(OH)3 impurity is estimated to be less than 5% and therefore
should not affect the main conclusions.

Table 5.3: Composition and formation enthalpy of the LDH samples in addition to starting
materials used for formation enthalpy calculations.
#

Samples

Composition

n(H2O)

ΔHsol(kJ/mol)

ΔHf(kJ/mol)

1

LDH-Al2O3-A

Li0.732Al2(OH)6Cl0.732.2.24H2O

2.24

-188.41±0.75

-56.14±1.89

2

LDH-Al(OH)3-A

Li0.840Al2(OH)6Cl0.840.5.24H2O

5.24

-239.23±1.40

-10.07±2.35

3

LDH-Al2O3-O

Li1.03Al2(OH)6Cl1.03.2.06H2O

2.06

-177.68±1.42

-60.56±2.62

4

LDH-Al(OH)3-O

Li0.770Al2(OH)6Cl0.770.3.70H2O

3.70

-224.26±1.44

-22.10±2.22

7

LDH-Al2O3-O
(previous
work)80

Li1.03Al2(OH)6Cl1.03.0.55H2O

0.55

-139.60±1.22

-96.78±2.33

8

LDH-Al(OH)3-A

Li0.82Al2(OH)6Cl0.82.1.93H2O

1.93

-192.28±0.56

-55.01±2.35

9

LDH-Al(OH)3-A

Li0.94Al2(OH)6Cl0.94.4.36H2O

4.36

-231.14±0.45

-21.21±2.15

10

LDH-Al2O3-A

Li0.9Al2(OH)6Cl0.9.4.42H2O

4.42

-236.87±1.30

-14.09±2.37

Lithium chloride
(LiCl)

-34.46±1.90

Gibbsite
(Al(OH)3)

-109.27±0.50

The DSC-TGA measurements provide not only the water content, but also
some indications of how the water molecules interact with the material. This is
illustrated in Fig. 5.6. Specifically, LDH-Al2O3-A loses water gradually at
temperature below 300 °C; there is a mild change of rate at temperature above
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100 °C but it is not dramatic. In contrast, LDH-Al(OH)3-A loses water in a steady
rate at low temperature, and then there is a sudden loss of water between 150
and 250 °C (as indicated by the sharp peak in the blue curve and the large slope
in the black curve). The DSC scans for the two LDH-Al2O3 samples exhibit
primarily one endothermic process occurring at 340 °C, while the two LDHAl(OH)3 samples have two additional endothermic processes occurring earlier at
220 °C and 280 °C. This different behavior suggests that the water molecules in
these four samples are not in the same structural or chemical state. Further
weight loss at higher temperature up to 400 °C is due to decomposition of
Al(OH)3.

Figure 5.5: XRD patterns of the LDH samples (both ambient and oven dried). Starting precursor
and decomposition products, gibbsite and alumina, are shown.
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Figure 5.6: DSC-TGA for (a) LDH-Al2O3-A (b) LDH-Al2O3-O (c) LDH-Al(OH)3-A (d) LDH-Al(OH)3 O and (e) Fe-LDH-A.

Acid solution calorimetry was also performed to determine the enthalpy of
formation for the LDH samples. Figure 5.7 shows the formation enthalpy related
with water content of LDHs synthesized from different Al sources. It shows that
the water content is linearly related to the formation enthalpy of LDHs regardless
of the drying routes and the starting form of Al. Further, high water content is
associated with a destabilization of the LDH structure making reversible uptake
of lithium facile. In Figure 5.8 the comparison of formation enthalpy and LiCl
further corroborates the effects of water content and LiCl loading. An apparent
maximum at the plot occurs at x = 0.84 for both alumina- and gibbsite-derived
LDH, where the highest water content is present (Fig. 5.7). Thus, high water
48

content decreases stabilization for both gibbsite and alumina samples. Alumina
based LDH with lower or higher water content is far more stabilized in
comparison. The data suggest that the chloride content of the interlayer controls
the water content, where low loading (i.e., x < 0.84) brings less water into the
structure and high loading squeezes water out.

Figure 5.7: Formation enthalpies of LDH (blue squares and orange circles) and Fe-LDH (green
triangles) vs. water content. The trend line correlates LDH water content (both ambient and oven
dried) to formation enthalpy.

FT-IR ATR was also performed to identify the main bonding modes of the
hydroxide layer, as well as the presence of interlayer species, seen in Figure 5.9.
The peaks present at 950, and 510 cm-1 have been identified as Al-OH and Al-O
bonding modes, respectively. The peak at 375 cm-1 also corresponds to
hydrogen bonding within the material. Previous reports have stated that the
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1645 cm-1 trace, seen as (a) in Figure 5.9, accounts for interlayer anions, in this
case carbonate.81

Figure 5.8. Formation enthalpies of gibbsite (blue) and alumina (orange) LDH (both ambient and
oven dried) vs. LiCl content.

An additional peak for the Al-O bonding mode is seen at 675 cm-1, seen
as (b) in Figure 5.9 for LDH-Al(OH)3. Results from inelastic neutron scattering, to
be discussed in Chapter 6, lead us to believe that the feature present in FT-IR
analysis is in relation to the ordering of interlayer water. Lithium-aluminum LDH
structures are known to interact with ambient carbon dioxide to form interlayer
carbonate species.81 To ensure that observed the observed the FT-IR were from
ordered interlayer water and chlorine, and not carbonate species. Elemental
carbon analysis was performed on the LDH samples by heating it in oxygen
atmosphere to form the combustion byproducts such as CO2 and the gases are
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then separated and quantified by an infrared detector. Table 5.4 displays the low
carbon content present in the samples. This combined with similar relative
intensities of the 1645 cm-1 and 3400 cm-1 hydroxide peaks further support the
1645 cm-1 trace corresponding with ordered interlayer water and chlorine ions.

Figure 5.9: ATR FT-IR of both ambient and oven dried LDH samples, (a) and (b) highlight the
presence of different features between alumina and gibbsite-based LDH.

Table 5.4: Carbon content present in sorbents.
Sample

Percent Carbon

LDH-Al(OH)3-A

1.48

LDH-Al(OH)3-O

0.5

LDH-Al2O3-A

1.08

LDH-Al2O3-O

1.49
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5.4 Summary
This Chapter provides a quantitative energetic picture of Li-LDH with
varying Li/Al ratios and varying water content. The results reveal the destabilizing
effect of both LiCl and water. Our results suggest a promising approach to
improve both the Li capacity and the stability of LDH materials by varying both
the Li and water content. Further, FT-IR analysis elucidated the presence of
different anion interlayer activity between Li-Al LDH derived from different starting
materials (alumina and gibbsite), prompting further investigation. Specifically,
this implies that higher concentrations of water present in LDH, regardless of
starting material, will lead to the more facile lithium adsorption and desorption
due to a decrease in thermodynamic barriers. This insight will enable the further
improvement of effective Li-ion LDH sorbents as well as insights into other
materials for lithium extraction.
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CHAPTER 6: NEUTRON VIBRATIONAL SPECTROSCOPY AND
QUASIELASTIC SCATTERING OF LDH
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Abstract
Thermodynamic investigation of Li-Al Layered Double Hydroxides (LDH)
including their LiCl and water content has raised questions. Specifically, the
effects of interlayer anions, water and bulk water on the chemical structure of
LDH. In this chapter, neutron studies including inelastic and quasielastic neutron
scattering (INS and QENS, respectively) are used to further investigate the
chemical structure and dynamics of water movement of Li-Al LDH.
The neutron studies presented in Chapter 6 are based on the following
papers published in The Journal of Physical Chemistry C (2019) and another
manuscript in preparation:
L. Wu,* S. F. Evans,* Y. Cheng, A. Navrotsky, B. A. Moyer; S. Harrison, M.
P. Paranthaman, Neutron Spectroscopic and Thermochemical Characterization
of Lithium–Aluminum-Layered Double Hydroxide Chloride: Implications for
Lithium Recovery. The Journal of Physical Chemistry C 2019, 123 (34), 2072320729.

54

6.1 Introduction
Global consumption of lithium has grown rapidly in recent years, due to
the widespread use of lithium-ion batteries in electronics and increasingly in
electric vehicles.82 Currently, battery grade lithium hydroxide and lithium
carbonate are predominately produced from the concentration of LiCl in solar
evaporation ponds in South America and from hard-rock mining in Australia.83, 84
Interest in alternative sources of lithium extraction have grown due to long
evaporation times and questions of mineral rights in Chile, Argentina and
Bolivia.85 Hard rock mining also has more expense related to mining, processing
and shipping of material.82 Geothermal brines have been identified as one
possible alternative lithium source particularly in the United States of America. 86
A variety of sorbents have been developed to exploit this resource including
layered double hydroxide chlorides87 as well as layered oxides.88-90 Other, more
sustainable, sources of lithium include recycling of end-of-life Lithium-ion
batteries.7, 91 How to efficiently extract lithium from geothermal brines, other
terrestrial sources of lithium, and from Lithium-ion battery waste streams, is a
topic of great scientific and industrial interest to continue the “Lithium Revolution”
and work towards a green, more sustainable future.2, 82, 84
Lithium-aluminum layered double hydroxide chloride (LDH) is an attractive
candidate for application in extraction of lithium from geothermal brine. The
material has been used in a variety of applications including water remediation,92
removal of oxyanions,93 and removal of radionuclides.94 In our previous study,
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LDH recovered more than 91 % of the lithium from a simulated geothermal brine
with high selectivity over Na and K ions in a single step.87 LDH has various
advantages for large-scale industrial plants due to its low cost, environmentalfriendliness, and easy regeneration.65 It has been found that the material’s ability
to extract lithium varies with composition and preparation conditions.87
Understanding the key factors that control the efficiency of lithium recovery and
the underlying mechanism will therefore provide valuable insight and guidance
for optimization and application of these materials.
Water in the LDH structure may be such a factor. A typical crystal
structure of LDH is illustrated in Fig. 6.1. The crystal structure consists of two
repeating layers, one layer consists of aluminum hydroxides and intercalated Li+
ions, while the other layer consists of water molecules and charge balancing Clions. The nominal composition is therefore Lix·Al2(OH)6Clx·nH2O, where the
variable x represents the Li and Cl stoichiometry and n represents the moles of
interlayer water. Structure study has revealed that Li-ions are intercalated in
vacant octahedral sites of Al(OH)3, here the limited geometry of the octahedral
sites in the LDH structure imbues the observed lithium selectivity.87 The stability
of the LDH structure in this process is critical for reversible lithium extraction and
recovery efficiency. This work also identified water content and LiCl
concentration as important thermodynamic factors to improve stability,
reversibility, and lithium adsorption capacity.80 Further work has been carried out
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by other groups on the importance of LDH intercalated water dynamics95 and
host-guest intercalation.96

Figure 6.1: A structure model of Lix·Al2(OH)6Clx·nH2O (LDH) (blue in polyhedra: Al, orange in
polyhedra: Li, bright green: Cl, red: O, light pink: H). Hydrogen bonds between the water
molecules and the hydroxyl groups are shown by dashed lines.

The goal of this work, therefore, is to investigate the structure and bonding
status of water molecules in LDH, as well as their potential connection with the
material’s stability, reversibility, and efficiency for lithium recovery. The primary
tool used for this research is neutron spectroscopy, or inelastic neutron scattering
(INS), which has great advantages in studying water (or hydrogen-containing
species in general) in bulk samples, owing to its sensitivity to hydrogen and
ability to penetrate deep into the material. The neutron scattering cross-section of
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hydrogen is roughly one order of magnitude larger than the other elements in
LDH, a small fraction of H present can result in significant changes in the INS
spectrum. It can thus provide direct information on the water molecules in LDH,
which cannot be readily obtained through other techniques.
Another valuable tool to understand the dynamics of water in LDH is
quasielastic neutron scattering (QENS). This technique focuses on the
broadening of the elastic peak, which can be observed when diffusive motions
take place in the sample. Hydrogen possesses large incoherent neutron
scattering cross-section of about 80 barns, one or two orders of magnitude larger
compared to most other common elements. Therefore, when hydrogen is present
in the sample, the QENS signal tends to dominate by the contribution arising
from diffusion of hydrogen (or any species containing hydrogen, e.g., OH, H2O).
The data is modelled with elastic peak (delta function), one or more QE
components (Lorentzian functions), and a lineal background term. The elastic
peak, as well as the Lorentzian functions are convoluted numerically with the
experimentally determined resolution function (low temperature measurement of
each sample for the experiment). The width of the Lorentzian function is related
to the time scale the diffusion occurs. Looking the Q dependent evolution of the
Lorentzian width enables characteristics of the diffusion to be derived, i.e.
diffusion coefficient, elementary steps along the diffusion path, and
characteristics times. Here we report those findings and their impacts on Li-Al
LDH structure and adsorption.
58

6.2 Experimental
Five Li-LDH samples with varying Li/Al ratios have been used for the first
study on LiCl content60 and four samples were prepared for the subsequent
studies on starting material and water content.74 The first five Li-LDH samples
prepared by mixing γ-Al(OH)3 (gibbsite) (Alfa Aesar > 76.5 %) and LiOH
(Honeywell Fluka > 98.5 %) at 95 °C for 2 h. Following this, the LDH structure
was fully saturated with lithium by mixing with 40 % LiCl (Sigma-Aldrich > 99%) in
an acetic acid (Sigma-Aldrich > 99.7 %) and DI water mixture in a ratio of 6:4 mL,
respectively. Loading of the structure with LiCl was completed when the pH of
the solution reached 5.5. Acetic acid was used as the buffer solution to maintain
the pH close to 5. To obtain the variety of LiCl values (x = 1.36 - 0.74 for LDH)
unloading was performed at 95 °C at various times. The next eight samples
were prepared using the same synthetic conditions with some variation in starting
material and post-synthesis treatment. Half of the samples were prepared with a
γ-Al2O3 (γ-alumina) (BASF, Florham Park, NJ >94%) starting material as
opposed to Al(OH)3. The Al(OH)3 and Al2O3 derived samples then underwent
two post-synthesis treatments. The two conditions were ambient drying (A) and
oven drying (O). Ambient drying was performed at 25 °C in air, and oven drying
was done at 95 °C. Both drying treatments were performed for 24 h. The LDH
samples are labeled as LDH-Al2O3-A, LDH-Al2O3-O, LDH-Al(OH)3-A, LDHAl(OH)3-O, respectively. Scanning electron microscopy (SEM) images were
collected on a Zeiss Merlin with a gun acceleration of 5.0 kV.
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The INS experiments were performed at the VISION beamline of the
Spallation Neutron Source, Oak Ridge National Laboratory. Different, in principle,
from optical spectroscopy such as IR, INS is very sensitive to the hydrogen
species inside the material, and it is especially useful in revealing their structural
orientation, bonding, local order, and quantity. About 2 g of each sample was
loaded in a vanadium sample holder and measured at 5 K to collect the
vibrational spectrum. The data were then analyzed using Mantid.97
Complementary density functional theory (DFT) simulations were performed
using the Vienna Ab initio Simulation Package (VASP).98 The calculation used
the Projector Augmented Wave (PAW) method99, 100 to describe the effects of
core electrons, and Perdew-Burke-Ernzerhof (PBE)101 implementation of the
Generalized Gradient Approximation (GGA) for the exchange-correlation
functional. Energy cutoff was 1000 eV for the plane-wave basis of the valence
electrons. The structure in Fig. 6.1 was used as the initial structure. The total
energy tolerance for electronic energy minimization was 10-8 eV, and for structure
optimization it is 10-7 eV. The maximum interatomic force after relaxation was
below 0.005 eV/Å. The vibrational eigen-frequencies and modes were then
calculated by solving the force constants and dynamical matrix using density
functional perturbation theory (as implemented in VASP) and Phonopy. 102 The
OClimax software103 was used to convert the DFT-calculated phonon results to
the simulated INS spectra.
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Neutron backscattering measurements were performed at BASIS
spectrometer104 at the Spallation Neutron Source of Oak Ridge National
Laboratory, Oak Ridge, TN. Si111 analyzers were utilized and the center
wavelength of neutron beam was 6.4 Å, giving energy resolution of 3.5 μeV
(FWHM of the elastic peak), dynamic range of ±100 μeV and Q range from 0.2 to
2.0 Å−1. With this configuration the time scales from 1 ps to about 1 ns can be
observed, as well as length scale from about 3 up to 30 Å. Each sample was
distributed in an aluminum foil pouch which was then wrapped inside a standard
annular aluminum can. To determine the instrumental resolution function, each
sample was first measured at 20 K, where all diffusive motions are essentially
frozen in the measured time scale. Subsequently the samples were measured at
number of higher temperatures ranging from 250 to 600 K to determine the
characteristics of H diffusion in these samples from their Q dependence on
inelastic scattering.
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6.3 Results and Discussion
To further understand the state of water molecules (as well as the
hydroxyl groups they are interacting with), INS experiments were performed, and
the results are shown in the following figures. Specifically, Fig. 6.2 compares the
INS spectra of LDH-Al2O3-A and LDH-Al2O3-O. Two main peaks can be seen
between 400 cm-1 to 800 cm-1 and 800 cm-1 to 1200 cm-1. These peaks can be
assigned to the liberation of H2O and deformation of OH, respectively (details to
be discuss later in this paper). Based on this assignment, three conclusions can
be made on the two samples in Fig. 6.2.

Figure 6.2: INS spectra of LDH-Al2O3 (Ambient-dried (A) vs. Oven-dried (O)), as well as the
difference between them.

First, these peaks are broad and smooth, which means that the water
molecules and hydroxyl groups are disordered. In other words, the local order
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and chemical environment vary considerably, so that the vibrational modes of
H2O and OH have frequencies distributed in a wide energy range. Second, not
surprisingly, the A sample contains more water than the O sample, judging from
the higher overall intensity of its spectrum.
This is consistent with the water content measured by DSC-TG, as listed
in Table 6.1. Third, the peak positions are slightly different in the two samples.
The A sample has its peaks at slightly lower frequencies. If we take the
difference between the two spectra, the difference spectrum should reflect the
contribution due to the additional water in the A sample. It can be seen that the
additional water has its libration band centered around 500 cm -1, much lower
than that for the water in the O sample (600~700 cm-1). This means these
additional water molecules are weakly adsorbed/bonded and can be removed
easily by moderate heating (90 °C) in the oven. The remaining water in the O,
still structurally disordered, has stronger (hydrogen) bonding within the material
(thus has higher vibrational frequencies and more difficult to remove).
An interesting comparison can be made with the INS spectra of the LDHAl(OH)3 samples shown in Fig. 6.2. First, the LDH-Al(OH)3-A spectrum appears
to be very different from the previous alumina sample, LDH-Al2O3-A. A
comparison with the reference spectrum of solid ice (the Ih phase) measured at 5
K suggests that the LDH-Al(OH)3-A sample contains bulk water (i.e., clustered
water molecules forming crystalline ice at low temperatures). This is different
from the LDH-Al2O3-A sample in which only adsorbed/bonded water molecules
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are observed. Since both samples were dried at the same temperature for the
same duration, the result seems to suggest that LDH-Al(OH)3 has a stronger
capability to retain water.

Table 6.1: Composition and formation enthalpy of the LDH samples in addition to starting
materials used for formation enthalpy calculations.
#

Samples

Composition

n(H2O)

ΔHsol(kJ/mol)

ΔHf(kJ/mol)

1

LDH-Al2O3-A

Li0.732Al2(OH)6Cl0.732.2.24H2O

2.24

-188.41±0.75

-56.14±1.89

2

LDH-Al(OH)3-A

Li0.840Al2(OH)6Cl0.840.5.24H2O

5.24

-239.23±1.40

-10.07±2.35

3

LDH-Al2O3-O

Li1.03Al2(OH)6Cl1.03.2.06H2O

2.06

-177.68±1.42

-60.56±2.62

4

LDH-Al(OH)3-O

Li0.770Al2(OH)6Cl0.770.3.70H2O

3.70

-224.26±1.44

-22.10±2.22

7

LDH-Al2O3-O
(previous
work)80

Li1.03Al2(OH)6Cl1.03.0.55H2O

0.55

-139.60±1.22

-96.78±2.33

8

LDH-Al(OH)3-A

Li0.82Al2(OH)6Cl0.82.1.93H2O

1.93

-192.28±0.56

-55.01±2.35

9

LDH-Al(OH)3-A

Li0.94Al2(OH)6Cl0.94.4.36H2O

4.36

-231.14±0.45

-21.21±2.15

10

LDH-Al2O3-A

Li0.9Al2(OH)6Cl0.9.4.42H2O

4.42

-236.87±1.30

-14.09±2.37

Lithium chloride
(LiCl)

-34.46±1.90

Gibbsite
(Al(OH)3)

-109.27±0.50

Indeed the data in Table 6.11 suggest that the water content in LDHAl(OH)3-A is more than twice that in LDH-Al2O3-A. Using the reference spectrum,
one can remove the contribution of solid ice in the LDH-Al(OH)3-A spectrum.
After this procedure, the remaining spectrum can be attributed to adsorbed and
bonded water, and it resembles the LDH-Al2O3-A spectrum in Fig. 6.2.
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Figure 6.2: INS spectra of LDH-Al(OH)3 (Ambient-dried (A) vs. Oven-dried (O)). Since LDHAl(OH)3-Ambient-dried contains bulk water, solid ice contribution is removed by subtracting a
scaled reference spectrum.

The LDH-Al(OH)3-O spectrum, however, is very different from that of LDHAl2O3-O, as highlighted in Fig. 6.3. Most notably, instead of having two smooth
bumps, one can see several sharp peaks in the same energy range. These sharp
peaks can only form when the water molecules, and therefore the hydroxyl
groups that interact with them, are structurally ordered with well-defined
vibrational frequencies. In other words, the INS results in Fig. 6.3 show strong
evidence that after oven-drying removes the bulk water and weakly
adsorbed/bonded water molecules, the remaining ones in LDH-Al(OH)3-O form
an ordered layer in the crystal (similar to what is illustrated in Fig. 6.1). This is in
stark contrast to the LDH-Al2O3-O, in which a smaller amount of water is
distributed in a more disordered way. The ability to form an ordered water layer in
LDH-Al(OH)3 could be related to its ability to accommodate/retain more water.
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Figure 6.3: INS spectra of two O samples (LDH-Al2O3 vs. LDH-Al(OH)3).

Now we discuss the assignment of the peaks. This study benefited from
several advantages of neutron spectroscopy (compared with optical
spectroscopy), such as its sensitivity to water, lack of selection rules, sample
penetration depth, and being quantitative in the sense that the integrated peak
intensities roughly scales with the total scattering power of the sample (which
reflects the total amount of water in this case). Another advantage is that,
knowing the structure of the material, its INS can be readily simulated so that
unambiguous peak assignment can be made. In Fig. 6.4, the measured spectrum
on LDH-Al(OH)3-O is compared with the simulated INS from the structure shown
in Fig. 6.1, which has an ordered arrangement of H2O and presumably
resembles the LDH-Al(OH)3-O sample. The agreement is reasonably good
considering that the ordering in the real sample must be less than the near-ideal
case in simulation (and therefore with fewer and less sharp peaks). The two
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bands from 400 cm-1 to 800 cm-1 and from 800 cm-1 to 1200 cm-1 are well
reproduced. The lower frequency band is dominated by H2O liberation, whereas
the higher energy band is dominated by OH deformation (in either the water
molecules or the hydroxyl groups). Of course, this is a solid-state simulation and
different parts/groups in the structure are interacting and coupled with each
other, thus the modes are all mixed in nature, and the above description is only
meant to capture the main character of the modes.

Figure 6.4: Simulated INS spectrum based on the structure in Fig. 6.1, in comparison to the
measured one for LDH-Al(OH)3-O.

Finally, QENS was performed on two samples, Al(OH)3 and Al2O3 derived
LDH. Figure 6.5 shows the QENS spectra for the measured samples at 3
selected temperatures, for Q averaged spectra. Each sample has significant
temperature dependent QE broadening. First approximation to obtain information
about the diffusion was obtained by fitting one Lorentzian function to the QE
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broadening. These fits provided indication about the character of the diffusion,
but a more sophisticated model will be necessary for results describing the
several dynamic processes present. This first approximation assumes only
assumes one dynamic process in the sample, which is an average of the various
processes taking place in the sample.

Figure 6.5: QENS spectra of Al(OH)3-LDH (blue), Al2O3-LDH (red) and Fe-LDH (green)
measured at 20, 400 and 500 K. Left hand side has logarithmic y-axes scale to show the entire
elastic peak, and the right hand side has linear y-axes scale that has been truncated to the
bottom to illustrate the QE broadening of the spectra.

Figure 6.6 illustrates Lorentzian HWHM as a function of Q2 for sample 1
and sample 2 at 400 and 500 K. Each HWHM has Q dependent behavior
indicating jump diffusion of hydrogenous species. The diffusion is increasing with
temperature. To determine accurate diffusion coefficients and to explain the
dynamic processes taking place in these samples, a more detailed model will be
developed. The HWHM data presented in Figure 6.6 can be used to make some
determinations about the microstructure and lithium uptake abilities of Al(OH)3 vs.
Al2O3 LDH. The change in HWHM indicates two points. First, that Al2O3 derived
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LDH is has a lower diffusion value at 400K compared to Al(OH)3, upon increase
in temperature the alumina derived sample has almost double the activity of the
gibbsite sample. Secondly, gibbsite derived LDH only has a moderate change in
HWHM values upon heating to 500K. This behavior can be explained in a few

HWHM (meV)

ways.
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Figure 6.6: HWHM of the Lorentzian function fits to the QENS spectra of Al(OH)3-LDH (red) and
Al2O3-LDH (navy) at 400 (triangles) and at 500 K (circles).

Looking at figure 6.7 the SEM images of both Al2O3 and Al(OH)3 LDH are shown.
Here Al(OH)3 LDH is seen to have a nanoplatelet structure, on the order of 200
nm in length, where Al2O3 LDH displays a much larger micron sized structure.
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This variation in microstructure between the two samples helps to explain the first
large difference in HWHM values from 400K to 500K. Based on the larger
crystallites of Al2O3 LDH there will be less microstrain in the structure. While
hydrogens present in the material are stable at 400K they become much more
mobile at 500K. Al(OH)3 on the other hand has a nanocrystalline structure and
more microstrain that the Al2O3 sample so the observed difference from 400 to
500K is much less. This also raises another point that Al(OH)3-LDH displays
higher diffusion values at 400K than Al2O3 LDH. Adsorption studies of the two
materials have found that gibbsite based LDH is the only sample able to uptake
lithium at normal testing conditions (95 °C). One possible explanation for this
difference is surface diffusion effects, where previous thermodynamic results in
this chapter have shown, where the Al2O3 LDH is too stabilized to allow facile
movement of water and other ions. Al(OH)3 on the other hand hits a “sweet spot”
that allows for facile surface diffusion at both temperatures. This fact and the
difference in HWHM raises an interesting point for the development of lithium
sorbents. Tailoring water diffusion for different geothermal and brine samples is
critical to successful adsorption of lithium. The particular range of diffusion that
the gibbsite derived LDH structure enables gives the proper window of time to
allow lithium molecules to flow along the dynamic water interlayer but still have
enough time to interact with the hydroxyl surface of the metal LDH layers and
intercalate into lithium deficient octahedral sites. The Al2O3 LDH has diffusion
that is too fast for this interaction to occur hence the lack of lithium adsorption in
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trials. This finding confirms the importance of precursor and synthetic conditions
which are of great importance for the development of metal doped LDH sorbents.

Figure 6.7: SEM images of (a) (c) Al(OH)3 LDH, and (b) (d) Al2O3 LDH.
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6.4 Summary
In summary, neutron spectroscopy and formation enthalpies were used to
study LDH samples made from two different starting material (alumina (Al2O3)
and gibbsite (Al(OH)3) and with two different post-drying conditions (ambientdried (A) and oven-dried (O)). It is found through inelastic neutron scattering and
structural simulations that gibbsite derived LDH contains more ordered water
than the corresponding alumina derived LDH. Thermodynamic analysis from
Chapter 5 further correlates the water-retaining capability with the stability of the
material, reversibility, and efficiency for lithium recovery. Specifically, this implies
that higher concentrations of water present in LDH, regardless of starting
material, will lead to the more facile lithium adsorption and desorption due to a
decrease in thermodynamic barriers. QENS results have also provided a view
into the effects of temperature on diffusion and the importance of synthetic
conditions to tailoring sorbents to operate at specific temperatures. These
insights will enable the further improvement of effective Li-ion LDH sorbents, in
the form of metal doped analogues, as well as insights into other materials for
lithium extraction.
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CHAPTER 7: IRON-DOPED VARIENTS OF LDH
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Abstract
Thermodynamic and neutron studies in chapter 5 and 6 concurrently
prompted investigation into alternative or derivative sorbents of Li-Al LDH. In this
chapter, an iron doped variant of Li-Al LDH will be discussed. This includes all of
the previously investigated thermodynamic and neutron work as well as
comparison to the parent Li-Al LDH in terms of structure, dynamics, and lithium
adsorption selectivity.
The thermodynamic studies and neutron studies presented in Chapter 7
are based on the following papers published in The Journal of the American
Ceramic Society (2019), The Journal of Physical Chemistry C (2019), and
another manuscript in preparation:
L. Wu, L. Li, S.F. Evans, T.A. Eskander, B.A. Moyer, Z. Hu, P.J. Antonick,
S. Harrison, M.P. Paranthaman, R. Riman, A. Navrotsky, Lithium aluminumlayered double hydroxide chlorides (LDH): Formation enthalpies and energetics
for lithium ion capture, Journal of the American Ceramic Society, 102 (2019)
2398–2404.
L. Wu,* S. F. Evans,* Y. Cheng, A. Navrotsky, B. A. Moyer; S. Harrison, M.
P. Paranthaman, Neutron Spectroscopic and Thermochemical Characterization
of Lithium–Aluminum-Layered Double Hydroxide Chloride: Implications for
Lithium Recovery. The Journal of Physical Chemistry C 2019, 123 (34), 2072320729.
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7.1 Introduction
In this study, formation enthalpies of Li-LDH with a series of Li contents (x
= 0.74~1.36 in LixAl2(OH)6Clx.nH2O) have been investigated by acid solution
calorimetry. Previous work on stabilizing LDH structures with metal ions105-107
prompted the identification of possible dopants to increase the stability of
aluminum-based LDH. The selection of Fe3+ as a dopant prompted an
investigation of the energetics of LDH with varying Fe3+ doping levels. The
calorimetric results directly reflect the relationship between thermodynamic
stability and doping level. The goal of this study is to find out whether, based on
thermodynamic considerations, there are optimum Fe-LDH compositions for Liion capture.
Iron has been doped into LDH structures, such that Al3+ is partly replaced
by Fe3+.105 Low doping amounts from 0.22-0.30 were considered to prevent the
formation of different crystalline phases105 and retain the desired Li adsorbing LiLDH structure. To increase fundamental understanding of these observations
and design better Li-capture systems, the thermodynamics associated with LDH
formation, metal ion doping, and lithium capture must be elucidated. Additionally,
to determine the role of water in Fe-LDH samples underwent two post-drying
conditions (ambient-dried and oven-dried) for thermodynamic study along with
structural and dynamic studies using inelastic neutron scattering and quasielastic
neutron scattering (INS and QENS, respectively).
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7.2 Experimental
Three Fe-doped LDHs with different Fe compositions have been used in
this study. Pure aluminum LDH samples were prepared by mixing Al(OH)3 (Alfa
Aesar > 76.5 %) and LiOH (Honeywell Fluka > 98.5 %) at 95 °C for 2 h.
Following this, the LDH structure was fully loaded with lithium by mixing with 40
% LiCl (Sigma-Aldrich > 99%) in an acetic acid (Sigma-Aldrich > 99.7 %) and DI
water mixture in a ratio of 6:4 mL, respectively. Loading of the structure with LiCl
was completed when the pH of the solution reached 5.5. Acetic acid was used
as the buffer solution to maintain the pH close to 5. Iron doped LDH synthesis
were prepared by adding FeCl3 (Sigma-Aldrich > 97 %) in 10 wt.% loading to a
heated mixture of Al(OH)3 followed by LiOH to ensure proper mixing of the
metals that would compose the layered hydroxide double layer with iron
replacing some aluminum species. Upon completion Fe-LDH was fully loaded
with lithium by mixing with 40% LiCl acetic acid solution. To obtain the variety of
LiCl values (x = 0.78 - 0.57 for Fe-LDH) unloading was performed at 95 °C at
various times. Additionally, two Fe-LDH samples underwent two different postsynthesis treatments. The two conditions were ambient drying (A) and oven
drying (O), t. Ambient drying was performed at 25 °C in air, and oven drying was
done at 95 °C. Both drying treatments were performed for 24 h. The Fe-LDH
samples are labeled as Fe-LDH-A, and Fe-LDH-O,
Samples have been characterized by X-ray powder diffraction (XRD)
using a PANalytical Empyrean with Cu Kα radiation, all data was processed with
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HighScore Plus. Inductively coupled plasma – optical emission spectroscopy
(ICP-OES) compositional analysis was performed to determine the Li and Al
concentrations in all the samples with a Thermo Fischer iCAP Model 7400 ICPOES Duo. Results of all the sample compositions are shown in Table 7.1.
Differential scanning calorimetry and thermogravimetry (DSC-TG) analysis was
performed on a Netzsch 449 instrument to determine the water content. Samples
were heated from 25 to 800 °C at 10 °C/min in argon (see Table 7.1). To
investigate the thermal behavior of LDH samples at higher temperatures, two
LDH samples were analyzed using a Setaram Labsys instrument and heated to
1400 °C at 10 °C /min in argon. ATR FT-IR was data was gathered using a
BRUKER VERTEX 70. FTIR spectra were recorded using a Bruker Alpha-P IR
spectrometer with correction from an initial background collected before sampling
to subtract the contribution from the ambient environment. After background
collection, the solid sample (5-10 mg) was put on the diamond sensor. The
spectra were collected at 100 − 4000 cm-1 with resolution of 4 cm-1 and scan time
of 32 scans.
Acid solution calorimetry (CSC calorimeter model 4400) was applied to all
LDH samples and component compounds (LiCl, goethite (α-FeOOH) and
gibbsite (γ-Al(OH)3)). A typical procedure included weighing about 10 mg of
sample powder, pressing the powder into a pellet and dropping it into 25 mL HCl
solution (standard solution from Alfa Aldrich, 5N) in the calorimeter at 25 °C. The
heat of solution was measured. The calorimeter was calibrated by the heat of
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dropping a KCl (NIST Standard) pellet in the same conditions. Several pellets of
each composition were dropped (Table 7.1) and the errors are reported as two
standard deviations of the mean. The procedure has been described in detail
elsewhere.75, 76

Table 7.1: Composition and formation enthalpy of the LDH samples in addition to starting
materials used for formation enthalpy calculations.
#

Samples

Composition

n(H2O)

ΔHsol(kJ/mol)

ΔHf(kJ/mol)

1

LDH-Al2O3-A

Li0.732Al2(OH)6Cl0.732.2.24H2O

2.24

-188.41±0.75

-56.14±1.89

2

LDH-Al(OH)3-A

Li0.840Al2(OH)6Cl0.840.5.24H2O

5.24

-239.23±1.40

-10.07±2.35

3

LDH-Al2O3-O

Li1.03Al2(OH)6Cl1.03.2.06H2O

2.06

-177.68±1.42

-60.56±2.62

4

LDH-Al(OH)3-O

Li0.770Al2(OH)6Cl0.770.3.70H2O

3.70

-224.26±1.44

-22.10±2.22

5

Fe-LDH-A

Li0.94Al1.57Fe0.43(OH)6Cl0.94.1.30H2O

1.30

-171.19±0.58

-25.75±1.51

6

Fe-LDH-O
(previous
work)14

Li0.57Al1.70Fe0.30(OH)6Cl0.57.0.65H2O

0.65

-162.38±4.8

-42.49±5.00

7

LDH-Al2O3-O

Li1.03Al2(OH)6Cl1.03.0.55H2O

0.55

-139.60±1.22

-96.78±2.33

8

LDH-Al(OH)3-A

Li0.82Al2(OH)6Cl0.82.1.93H2O

1.93

-192.28±0.56

-55.01±2.35

9

LDH-Al(OH)3-A

Li0.94Al2(OH)6Cl0.94.4.36H2O

4.36

-231.14±0.45

-21.21±2.15

10

LDH-Al2O3-A

Li0.9Al2(OH)6Cl0.9.4.42H2O

4.42

-236.87±1.30

-14.09±2.37

Goethite
(FeOOH)

-43.44±0.95

Lithium chloride
(LiCl)

-34.46±1.90

Gibbsite
(Al(OH)3)

-109.27±0.50
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The INS experiments were performed at the VISION beamline of the
Spallation Neutron Source, Oak Ridge National Laboratory. Different, in principle,
from optical spectroscopy such as IR, INS is very sensitive to the hydrogen
species inside the material, and it is especially useful in revealing their structural
orientation, bonding, local order, and quantity. About 2g of each sample was
loaded in a vanadium sample holder and measured at 5 K to collect the
vibrational spectrum. The data were then analyzed using Mantid.97
Complementary density functional theory (DFT) simulations were performed
using the Vienna Ab initio Simulation Package (VASP).98 The calculation used
the Projector Augmented Wave (PAW) method99, 100 to describe the effects of
core electrons, and Perdew-Burke-Ernzerhof (PBE)101 implementation of the
Generalized Gradient Approximation (GGA) for the exchange-correlation
functional. Energy cutoff was 1000 eV for the plane-wave basis of the valence
electrons. The structure in Fig. 7.1 was used as the initial structure. The total
energy tolerance for electronic energy minimization was 10-8 eV, and for structure
optimization it is 10-7 eV. The maximum interatomic force after relaxation was
below 0.005 eV/Å. The vibrational eigen-frequencies and modes were then
calculated by solving the force constants and dynamical matrix using density
functional perturbation theory (as implemented in VASP) and Phonopy. 102 The
OClimax software103 was used to convert the DFT-calculated phonon results to
the simulated INS spectra.
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Neutron backscattering measurements were performed at BASIS
spectrometer104 at the Spallation Neutron Source of Oak Ridge National
Laboratory, Oak Ridge, TN. Si111 analyzers were utilized and the center
wavelength of neutron beam was 6.4 Å, giving energy resolution of 3.5 μeV
(FWHM of the elastic peak), dynamic range of ±100 μeV and Q range from 0.2 to
2.0 Å-1. With this configuration the time scales from 1 ps to about 1 ns can be
observed, as well as length scale from about 3 up to 30 Å. Each sample was
distributed in an aluminum foil pouch which was then wrapped inside a standard
annular aluminum can. To determine the instrumental resolution function, each
sample was first measured at 20 K, where all diffusive motions are essentially
frozen in the measured time scale. Subsequently the samples were measured at
number of higher temperatures ranging from 250 to 600 K to determine the
characteristics of H diffusion in these samples from their Q dependence on
inelastic scattering.

80

7.3 Results and Discussion
Strategies to understand this stability include doping the LDH structure
with Fe3+ ions, replacing a fraction of Al3+ present in LDH. Greater electron
density of Fe3+ compared to Al3+ increased the thermodynamic stability of the
LDH.80 X-ray analysis of iron-doped samples in Figure 7.1 confirmed the
retention of the pure aluminum LDH structure with no discernable distortion in
structure observed from doping. This provides direct evidence that Fe is
replacing Al in LDH structure. The formation of Fe2O3 was seen due to the side
reaction of FeCl3 in the basic reaction mixture at elevated temperatures.

Figure 7.1: XRD spectra of typical Li-LDH and Fe-LDH phases.

TG-DSC analysis of Fe-LDH samples in Figure 7.2 displayed similar
dehydration behavior to the parent Li-LDH. That being major weight loss
between 100 and 400 °C, accompanied by endothermic peaks on the
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corresponding DSC curves in the same temperature range. Resulting from the
typical dehydration process of LDH materials. The DSC curves suggest stepwise
dehydration behavior. The initial step (100 – 150 °C) corresponds to the removal
of physically attached water molecules, the second step (200 – 250 °C) results
from the removal of the chemically bonded water located between the layers.
Importantly, the final weight loss from the dehydration of hydroxyl groups
coordinated to Al and Li atoms (co-intercalated water molecules) occurs in LiLDH from 250 – 350 °C while Fe-LDH undergoes the same weight loss from 300
- 400 °C. This temperature shift implies the increased structural stability of iron
doped LDH variant.
The formation enthalpies (ΔHf) of Li-LDH and Fe-doped LDH from LiCl, γAl(OH)3 and α-FeOOH are calculated through the thermodynamic cycle in Table
7.2 by using the solution enthalpies listed in Table 7.3. The formation enthalpies
of Li-LDH (LixAl2(OH)6Clx with x = 0.74 to 1.36 range between -4.8 and -23.1
kJ/mol. The values for Fe-doped LDH (LixFeyAl2-y(OH)6Clx with y = 0.22 ~ to 0.30
and x = 0.57 to 0.78) range between -28.2 and -49.4 kJ/mol. All formation
enthalpies for LDH are significantly negative, which indicate that reactions (1)
and (6) (in Table 7.2) are thermodynamically favorable. The Fe-containing LDH
compounds have more exothermic formation enthalpies, indicating that doping
with iron is an effective way to thermodynamically stabilize the LDH phase.
The trends of the formation enthalpies with differing Fe content are shown
in Figures 7.3. Previous studies on the structural stability of M(II)1-x
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[M(III)x(OH)2]Clx.yH2O (e.g., Mg-LDH) formation in solution have shown Fe(III) to
have greater thermodynamic stability than Al(III) in the double hydroxide layer.108

Figure 7.2: DSC-TG curves for Fe-doped LDH with formula LixAl2-yFey(OH)6Clx∙nH2O.
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Table 7.2: Thermodynamic cycle used to calculate the reaction enthalpies of LDH from lithium
chloride and Aluminum hydroxide at 25°C.
Reactions used in the thermodynamic cycle are:
(1) xLiCl (s, 25°C) + 2Al(OH)3(s, 25°C) + nH2O(l, 25°C) → LixAl2(OH)6Clx.
nH2O(s, 25°C)
(2) LiCl (s, 25°C) → Li+ (aq, 25°C) +Cl-(aq, 25°C)

ΔHf, LDH

ΔH1

ΔHsol, LiCl
ΔHsol,

ΔH2

Al(OH)3

ΔH3

ΔHsol, LDH

ΔH4

(5) H2O (l, 25°C) → H2O (aq, 25°C)

ΔHdil

ΔH5

(6) xLiCl(s, 25°C) + (2-y)Al(OH)3(s, 25°C) +yFeOOH(s, 25°C) + (y+z)H2O(l,
25°C) → LixAl2-yFey(OH)6Clx. nH2O(s, 25°C)

ΔHf, Fe-

(7) LixAl2-yFey(OH)6Clx. zH2O(s, 25°C) + 3H+(aq, 25°C)→ xLi+(aq, 25°C) + xCl(aq, 25°C) + (2-y)Al3+(aq, 25°C) + yFe3+(aq, 25°C)+ (3+n)H2O(aq, 25°C)

ΔHsol,Fe-

(3) Al(OH)3(s, 25°C) + 3H+(aq, 25°C)→ Al3+ (aq, 25°C) + 3H2O (aq, 25°C)
(4) LixAl2(OH)6Clx. zH2O(s, 25°C) + 3H+(aq, 25°C)→ x Li+(aq, 25°C) +xCl-(aq,
25°C) + 2Al3+(aq, 25°C) + (3+n)H2O(aq, 25°C)

ΔH6

LDH

ΔH7

LDH

ΔHsol,FeOO
(8) FeOOH (s, 25°C)+ 3H+(aq, 25°C)→ Fe3+ (aq, 25°C) + 2H2O (aq, 25°C)

ΔH8

H

ΔHf, LDH =ΔH1= xΔH2 + 2ΔH3 + nΔH5 - ΔH4
ΔHf, Fe- LDH =ΔH6= xΔH2 + (2-y)ΔH3 + yΔH8+(3+n)ΔH5– ΔH7
ΔH5 is the dilution enthalpy of liquid water in 5 N HCl solution, since the effect is small, it has
been neglected in this calculation.

Table 7.3: Sample composition, TG weight loss at 700°C, enthalpy of solution (ΔH sol) in 5N HCl
and the formation enthalpies of LDH (ΔHf) by LiCl reacted with gibbsite and goethite.

x(LiCl)

Sample name

0.78

Fe-LDH1

Li

0.77

Fe-LDH2

Li

0.57

Fe-LDH3

TG
weight
loss
(%)

Molecular formula
0.777

0.769

Li

Al
Al

0.566

Fe

(OH) Cl

Fe

(OH) Cl

1.771

0.229

1.769

Al

0.221

Fe

1.70

0.30

6

6

(OH) Cl
6

ΔHsol(kJ/mol)

ΔHf(kJ/mol)
-59.01±2.06

-42.49±5.04

·1.08H O

34.18

·0.67H O

32.02

-157.24±0.95(7)
151.105±2.28(6)

0.65H O

32.78

-162.38±4.80(6)

0.777

0.769

2

0.769

2

2

Goethite

FeO(OH)

-43.44±0.95(6)

Gibbsite
Lithium
chloride

γ-Al(OH)3

-101.37±0.46(4)

LiCl

-34.46±1.90(6)

-64.32±2.88

Co-precipitating of other M(II) ions for a mixed M(III)/M(II) LDH system
was found to further stabilize the layered structure.108 Here we focus on Fe(III)
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as the metal dopant as other M(II) species would add too much cost to be
economically viable for scale up. Figure 7.3 confirms the desired stabilization
effect of Fe but the formation enthalpies of the three LDH with various Fe doping
levels become less exothermic as the doping increases. This trend suggests that
the more iron-rich LDH is less stable than the less iron-rich ones. However, the
more negative formation enthalpies of Fe-LDH compared to non-doped LDH but
with similar Li content indicates that a small amount of iron doping may
dramatically improve the thermodynamic stability of the LDH structure. This
stabilization is also seen in the slightly higher dehydration temperature in the
TG/DSC curves. Since a small degree of iron doping appears to stabilize the
LDH more than greater doping (perhaps due to lattice strain resulting from size
mismatch), the energetics suggest that there may be an optimum doping level for
greatest stabilization. In this case y = 0.22 Fe-doping increased stability while
also retaining the desired layered structure.

Figure 7.3: Enthalpy of formation for Fe-LDH vs. Fe doping level (y).
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With iron doping of LDH found to increase the stability further
thermodynamic study was performed to determine the effects of water content.
The XRD spectra of oven ambiently dried Fe-LDH, seen in Figure 7.4, did not
change drastically in comparison to the pure LDH samples. This is due to Fe 3+
being of similar ionic radii as Al3+ and its occupation of the same octahedral sites
within the structure.
TG/DSC analysis of the Fe-doped LDH seen in Figure 7.5 displayed
prominent water loss at 110 °C that was not seen in the other LDH samples. This
different behavior suggests that the water molecules in these three samples are
not in the same structural or chemical state, with Fe-LDH retaining a higher
amount of bulk water.

Figure 7.4: XRD patterns of the LDH samples (both ambient and oven dried). Starting precursor
and decomposition products, gibbsite and alumina, are shown. Figure is as presented in Chapter
5.
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Figure 7.5: DSC-TGA for (e) Fe-LDH-A.

In Figure 7.6 water content is linearly related to the formation enthalpy of
LDHs, doped or non-doped, regardless of the drying routes and the starting form
of Al. Further, high water content is associated with a destabilization of the LDH
structure making reversible uptake of lithium facile. Upon iron doping, this trend
shifts as the overall water content of the LDH decreases in addition to
stabilization with the inclusion of iron into the lattice.
To further understand the state of water molecules (as well as the
hydroxyl groups they are interacting with), INS experiments were performed as
with the previously discussed LDHs in Chapter 6, the results are shown in Figure
7.7. The previous INS results showed strong evidence that after oven-drying
removes the bulk water and weakly adsorbed/bonded water molecules, the
remaining ones in LDH-Al(OH)3-O form an ordered layer in the crystal (similar to
what is illustrated in Fig. LDH model). This is in stark contrast to the LDH-Al2O3O, in which a smaller amount of water is distributed in a more disordered way.
This effect is also seen for Fe-LDH samples, implying that introduction of metal
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dopants to the structure may also influence water ordering. The ability to form an
ordered water layer in LDH-Al(OH)3 could be related to its ability to
accommodate/retain more water.

Figure 7.6: Formation enthalpies of LDH (blue squares and orange circles) and Fe-LDH (green
triangles) vs. water content. The trend line correlates LDH water content (both ambient and oven
dried) to formation enthalpy. Figure is as presented in Chapter 6.

Finally, QENS was performed on Fe-LDH under the same temperature
conditions that Al(OH)3 and Al2O3 derived LDH underwent. Figure 7.8 shows the
QENS spectra for the measured samples at 3 selected temperatures, for Q
averaged spectra. Each sample has significant temperature dependent QE
broadening. First approximation to obtain information about the diffusion was
obtained by fitting one Lorentzian function to the QE broadening. These fits
provided indication about the character of the diffusion, but a more sophisticated
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model will be necessary for results describing the several dynamic processes
present. This first approximation assumes only assumes one dynamic process in
the sample, which is an average of the various processes taking place in the
sample. For these initial results it is clear that Fe-LDH has the lowest diffusion
rates in comparison to the gibbsite and alumina derived LDH.

Figure 7.7: INS spectra of Fe-LDH samples (Ambient-dried (A) vs. Oven-dried (O)).
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Figure 7.8: QENS spectra of Al(OH)3-LDH (blue), Al2O3-LDH (red) and Fe-LDH (green)
measured at 20, 400 and 500 K. Left hand side has logarithmic y-axes scale to show the entire
elastic peak, and the right hand side has linear y-axes scale that has been truncated to the
bottom to illustrate the QE broadening of the spectra. Figure is as presented in Chapter 6.

7.4 Comparison to LDH
With data collected on lithium adsorption and selectivity, physical
characterization, and modelling of dynamic processes this section will compare
the novel Fe-LDH to gibbsite (Al(OH)3) and alumina (Al2O3) derived LDH.
Adsorption comparisons are between Fe-LDH and gibbsite derived LDH since
they were the only two to display lithium adsorption. Lithium adsorption tests
were performed to compare the lithium uptake between LDH and Fe-LDH.
Previous work80 suggested that this was thermodynamically feasible. Bench
scale testing confirmed this was true at ranges of 0-1000 ppm of simulated
lithium containing brine solutions. Further, testing of different brine
concentrations, seen in Figure 7.9, show that Fe-LDH has increased adsorption
capacity from the 200-500 ppm range. This confirmed previous assumptions
that iron doping would lead to increased lithium uptake due to an increase in
electron density of the metal hydroxide layer.80
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Figure 7.9: Adsorption isotherms of LDH and Fe-LDH over various concentrations of simulated
brines.

Upon this confirmation of this increased uptake column testing with FeLDH sorbents were performed to determine differences in lithium selectivity
compared to gibbsite based LDH, the column configuration was as previously
reported.60 The visual plot of adsorption, wash, strip column scale cycling for
both Li-Al and Fe-LDH testing can be seen in Figure 7.10. Testing results and
calculated separation factors are seen in Table 7.4 for Li-Al LDH and 7.5 for FeLDH. Here selectivity for the new variant of sorbent was seen to improve for Na,
and Ca, remain the same for K and Mn, and decrease by a factor of 2 for boron.
This is thought to come from favorable orbital interactions between the p orbitals
of doped iron ions and s orbitals of boron, leading to an increased amount of
boron insertion into unoccupied octahedra rather than the desired lithium.
Differences in the uptake and selectivity of Fe-LDH led us to further
structural and mechanistic exploration. By utilizing high-resolution transmission
electron microscopy (HR-TEM) we correlated the different interlayer spaces of
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LDH to different facets of their XRD patterns. There were some limitations in this
analysis due to the orientation of different facets with different samples as well as
sample interaction with the electron beam, but some insights can still be gained
on the mechanism of lithium intercalation. Figure 7.11 showcases the different
facets present in the materials and the corresponding miller indices that match
with gathered XRD data. Additionally, we were able to confirm the distribution of
iron doping in the sample, seen in Figure 7.12, which displays iron rich regions
surrounded by more aluminum rich areas.
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Figure 7.10: Calculated ppm concentrations from ICP-OES of various ions from simulated brine.
Tables 7.4 and 7.5 look through the change in concentrations of the bed volumes through
adsorption, washing and stripping stages of Li-Al and Fe-doped LDH adsorption trials.

Table 7.4: Metal-ion concentrations and separation factors during column extraction with Li-Al
LDH. Derived from Figure 7.10.
Metal

Conc.
in brine
(mg/L)

Conc.
@
BV13
(mg/L)

Li

360

2340

Na

44000

7470

K

16500

Ca

SF Li/M
@
BV13

Combined
Conc. @
BV13-16
(mg/L)

Average
Conc.
@BV
13-16
(mg/L)

5079

1269.8

38.3

10474

2618.5

59.3

657

163.2

886

221.5

262.7

30400

1660

119

2410

602.5

178

Mn

1420

199

46.4

361

90.3

55.5

B

390

19.5

130

35

8.8

156.3
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SFLi/M
@
BV1316

Table 7.5: Metal-ion concentrations and separation factors during a column extraction with FeLDH. Derived from Figure 7.10.
Metal

Conc. in
brine
(mg/L)

Conc
@
BV18
(mg/L)

Li

360

746

Na

44000

1830

K

16500

Ca

SF Li/M
@ BV18

Combined
Conc. @
BV18-22
(mg/L)

Average
Conc.
@BV 1822
(mg/L)

SF Li/M
@ BV1822

4758

951.6

49.8

8468

1693.6

68.7

234

146.1

87.63

175.26

248.9

30400

447

140.9

255.8

511.6

157.1

Mn

1420

70.3

41.9

431.5

86.3

43.5

B

390

12.9

62.6

56.93

11.386

90.5

Figure 7.11: TEM images of (a) Al(OH)3 LDH, (b) Al2O3 LDH, and (c) Fe-LDH. With labelled
facets of (118), (006), and (003), respectively.
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Figure 7.12: HAADF-STEM image of Fe distribution in Fe-LDH, white areas denote areas of
increased electron density containing iron.

From the previously discussed QENS data in Figure 7.8 some structural
details become clear. The hydrogens in Fe-LDH are less mobile in both
temperature cases (400 and 500 K) than the other LDH samples tested. This
implies that the increase in electron density upon inclusion of the Fe ion into the
metal hydroxide interlayer decreases mobility of hydrogen containing species
(i.e. water) and by proxy lithium. Additionally, by slowing the rate of diffusion of
ions through the water interlayer, some selectivity for lithium is improved (Na and
Ca), while some are worsened (as with Boron). This has also led to the revision
of the structure of ordered interlayer water. Compared to the parent LDH, water
molecules form hydrogen bonds with hydroxyl groups on one layer, with a bound
length ~1.8 Å. In the Fe-LDH sample, there are water molecules that
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simultaneously form hydrogen bonds with hydroxyl groups on both layers (on
both sides). As a result, the orientation of such water molecules are different
(lying flat between two layers), and the hydrogen bond length is also slightly
longer (~1.9 Å), as seen in Figure 7.13. These differences are relevant to the
different mobility of water molecules in these two materials as well as their ability
to retain water. Here the takeaway is that metal doped variant of the LDH
system tailor the speed of diffusion and by proxy the lithium selectivity and
uptake under certain conditions. This has huge implications on the development
of sorbent technology for the dizzying array of brine compositions that are
present and available for extraction.
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Figure 7.13: A structure model of Lix·FeyAl(2-y) (OH)6Clx·nH2O (Fe-LDH) (blue in M-OH layer: Al,
green in M-OH layer: Li, Brown: Fe, bright green: Cl, red: O, light pink: H). Hydrogen bonds
between the water molecules and the hydroxyl groups are shown by dashed lines.
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7.5 Summary
This Chapter provides the first quantitative energetic picture of Li-LDH with
varying Li/Al ratios and Fe-doped LDHs with different Fe contents. The results
reveal the destabilizing effect of Li and the stabilizing effect of Fe. Full scale
adsorption trials of these modified sorbents were also tested displaying
differences in adsorption as well as selectivity. Further study of the
microstructure and dynamic environment including microscopy and neutron
studies has revealed the tailoring of properties that can be achieved with metal
doping of Li-Al LDHs. This work preempts further development of sorbents to
expand the range of lithium brine sources where these class of sorbents can be
effectively utilized.
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CHAPTER 8: CONCLUDING REMARKS AND FUTURE
RESEARCH
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The characterization and subsequent application of lithium-aluminum
layered double hydroxide sorbents and iron doped variants were explored in this
dissertation. Both have shown competent lithium adsorption values and an
intimate look into the structure and dynamics of LDHs and their adsorption of
lithium.
The stability of LDH and the destabilizing nature of LiCl uptake was the
first important discovery. This allows for the continued use and reuse of the
sorbent just through the use of thermal energy already present in geothermal
brines. An elegant property that alleviates LDH sorbents of the need to use any
additional solvent or materials for regeneration or processing.
The next part of the picture was water, without which adsorption would not
occur. Sorbents with the highest contents of water were better able to swing
between lithiation and de-lithiation due to its destabilizing effects. Neutron
studies also provided a picture of the dynamic process of water movement in the
interlayer, shuttling lithium ions along to their destination in unoccupied
octahedra in the metal hydroxide layer.
While these studies have developed a fundamental understanding of LDH
as a lithium adsorption material there is still work to be done if this sorbent is to
reach industrial application. Collaboration with industrial partners helped to
identify the major setback of the material in industrial use. In this case it is the
particle size of LDH, pilot scale columns experience issues with pressure drops
where brine was not able to pass through the sorbent quickly enough, leading to
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excessive pressure buildup and slow throughput. To circumvent these issues the
powdered form of LDH must be combined with a host or polymer to form a
composite material. By engineering LDH with supports and polymers the
adsorption performance of LDH could still be retained but can be feasibly used in
industrial application with size-controlled composites. This along with further
fundamental studies of diffusion through liquid media, polymer networks, and
ceramic adsorbents, all together, via neutrons opens a new way to understand a
multitude of dynamic adsorption systems, not just those involving lithium.
Without this critical development it is unlikely that the sorbent will find use as
lithium demand drives production speeds higher to cost-effectively meet the
needs of the green revolution.
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